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ABSTRACT 
POWER DIVIDER MINIATURIZATION WITH A VARIABLE LOAD 
Amanda C Jensen 
Marquette University, 2019 
 
 
 
 
 
 
 
 
 A 3 Tesla (127.72 MHz) Magnetic Resonance system is able to scan with both the 
body coil and surface coil at the same time due to a technology called simultaneous 
acquisition, which uses a 4-port power divider, typically a quad hybrid. This functions at 
127.72 MHz. The goal is to replicate this function at 1.5 Tesla field strength (63.86 
MHz), but to do so would require the power divider to double in size. This space is not 
available, so methods of miniaturizing the design were investigated. It was found that 
slow wave structures cannot shrink the quadrature hybrid design enough to fit inside the 
desired area. Meandering the transmission lines of the hybrid shrinks the design, but is 
still too large for our application. The use of lumped elements successfully shrinks the 
design to fit within the desired space.  
Both the meander line design and lumped element design were printed on 
RO4350, a Rogers printed circuit board material. The meander line design meets all of 
the critical performance requirements, while the lumped element design did not. 
 The design also had to withstand a variable load and coupling between the coils of 
the body coil. To test for this, the printed boards were attached to a body coil and a 
variable attenuator. The meander line design met all the performance requirements and 
had better performance than the lumped element design. 
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1. BACKGROUND 
1.1 Motivation 
GE Healthcare is continually striving to improve the patient experience, while also 
improving image quality. One method to reduce scan time and improve image quality is 
to allow both the body coil and surface coil to scan at the same time. This is not easily 
done because the two antennas, the body coil and surface coil, normally interfere with 
each other when they are both on, degrading the image quality. Currently, a technology 
called simultaneous acquisition exists that allows both coils to scan at the same time by 
decoupling the coils from one another. The signal quality is improved, and the scan time 
is reduced because the image from both coils is acquired at the same time. 
This technology is only offered in the MR system at 127.72 MHz. Due to medical 
professionals’ preferences and image quality differences, some users favor the lower 
frequency of 63.86 MHz instead, which does not presently offer simultaneous 
acquisition. This function allows improved image quality and spatial recognition, while 
also reducing scan time and SAR (specific absorption ratio). To offer this technology at 
the lower 63.86 MHz operating point, the power divider within the system needs to be 
redesigned. This requires the microstrip lengths within the power divider to double in size 
to continue to function in the same way. But, the new design must fit within the current 
127.72 MHz footprint. Therefore, some modifications to the power divider must be made. 
A power divider is a passive circuit with an input signal that divides the 
electromagnetic power into two output powers of lesser value [1]. Unfortunately, at lower 
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frequencies, power dividers can be large due to the required length of the transmission 
line for optimal performance. Several methods exist to miniaturize these circuits. This 
thesis will investigate methods of shrinking the size of the power divider, specifically at 
63.86 MHz.  
The power divider will also have to handle a variable load that varies between 35-
40 Ω. This adds complexity to the design because we can no longer assume the power 
divider is connected to a perfect load, like many of the power divider designs assume. 
Often, as the load varies from a perfect load, the power divider’s performance degrades. 
A design will need to be chosen that can handle the variable load while still meeting the 
required performance. 
The power divider has a need for a specific power handling capability based on its 
application. The power divider is located directly after the amplifier in the system. The 
power divider will have to handle the power provided to it, while also diverting reflected 
power away from the amplifier to protect the amplifier. 
 
1.2 Types of Power Dividers 
 Power dividers can be designed with three or more ports. We will only be 
investigating four port power dividers due to the necessity of a load port. This will be 
explained in greater detail in the requirements section. Some three port dividers or power 
splitters can be made with additional ports, such as the Wilkinson power divider. But, the 
fourth port is an additional output port, not a load port. These power splitters will not 
work for our design because there is no isolation or load port. 
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 The purpose of a power divider is to take power in, divide it, and then output the 
power. If no power is lost during the division process, the power divider is defined as 
lossless. The power divider topology should also be designed to limit reflections within 
the device or at the ports. Reflections can cause a decrease in output power and can cause 
phase errors [1]. When the power divider topology is matched, no reflections occur, 
resulting again in the maximum amount of power delivered to the output. Finally, a 
power divider can be reciprocal: the output ports can function as the input ports as well, 
and the input port as one of the output ports. This results in power combining. Regardless 
of which direction the power is applied to the divider, the same power division is 
obtained. Power dividers that are lossless, matched and reciprocal are defined as ideal 
power dividers. 
Types of four port power dividers are coupled line couplers, ring hybrids, 
directional couplers, and quadrature hybrids. Lange and tapered line couplers can also be 
used to divide power. All types of four port power dividers that will be discussed have a 
load or isolation port, so they can be used for the new power divider design.  
One four port method of dividing power is using coupled lines. A directional 
coupler is a specific type of power divider that uses coupled lines, as seen in Figure 1. 
Power division occurs when two microstrip lines are located close to one another, 
allowing the transfer of energy from one transmission line to the other [1]. The amount of 
energy transferred to the second transmission line is dependent on the electrical length of 
the line. The optimum electrical length for the maximum amount of energy transferred is 
k*π/2, with k = 1, 2, 3…[1].  
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Figure 1: Directional Coupler [1] 
 
The amount of energy transferred between the microstrip lines is also dependent 
on the spacing between the lines. The coupling, or the transfer of energy from one 
microstrip to another, can be described by the interaction between the even and odd mode 
analysis of the fields in the microstrip lines. Figure 2 illustrates the even and odd mode 
field distribution for two microstrips. The even mode has the same amplitude and the 
current is in the same direction for each microstrip. This results in a specific 
characteristic impedance for the even mode (𝑍0𝑒). The odd mode also has the same 
amplitude but the current flows in opposite directions between the two microstrips. This 
results in a voltage null in between the two microstrip lines, resulting in a specific 
characteristic impedance for the odd mode (𝑍0𝑜). When 𝑍0𝑜 = 𝑍0𝑜 = 𝑍0, the microstrip 
lines are sufficiently far apart, resulting in no energy transfer between the microstrip 
lines, and therefore no coupling [1, 14]. As the line separation gets smaller, 𝑍0𝑒 decreases 
and 𝑍0𝑜 increases. 
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Figure 2: Even and odd mode field configurations in coupled microstrip [14] 
 
A directional coupler is defined by several parameters that describe how well it 
directs the traveling waves or power throughout the device. These parameters are 
important to consider while evaluating this design for the power divider. The coupling 
factor specifies how much of the input power is coupled to the coupled line. Referring to 
Figure 3, how much power is transferred to port 3 when the power enters port 1 (S31) is 
the coupling factor. The bottom image in Figure 3 is an example of a 10-dB directional 
coupler: the output at port 3 is 10 dB down from the input power. Directivity is how well 
the coupler isolates the isolated port (port 4) from the coupled port (port 3). If no power is 
delivered to the isolated port (port 4) when the power enters at the input port, the coupler 
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exhibits high isolation (S41). Finally, the insertion loss is how much of the input power 
going from the input port (port 1) to the through port (port 2) is reduced by the energy 
transferred to the coupled (port 3) and isolated (port 4) ports [1-3]. 
 
Figure 3: Directional Coupler [1] 
 
 
Lange couplers are a specific type of quadrature hybrid that utilizes more than 
two coupled lines. Instead of only two parallel lines, this design utilizes four parallel, 
interconnected lines, as shown in Figure 4. The folded-up design increases the coupling 
between the lines because the fields on both edges of the microstrip contribute to the 
coupling, increasing the coupling ratio to 3 dB or more [1, 14]. The bandwidth increases, 
but the coupled lines are narrow, and the design can be complex due to the bonding wires 
across the coupled lines [1]. A limited amount of power can travel through this narrow 
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microstrip. The folded-up design does allow for a limited amount of size reduction, when 
compared to other hybrids. 
 
Figure 4: Lange coupler [1] 
 
 
The branchline hybrid or quadrature coupler (Figure 5) is another 4-port power 
divider. The coupling factor of a hybrid coupler is 3dB. The output ports have a 90-
degree phase shift between the through port (port 2) and coupled port (port 3). As can be 
seen in Figure 5, the power entering from port 1 and exiting out of port 3 must travel an 
additional λ/4 length of microstrip, as compared to the power exiting out of port 2. The 
outcome is the power at port 3 is 90 degrees out of phase from the power at port 2. As 
mentioned in [4], this type of coupler provides high isolation, and reduces harmonic 
content and distortion. This type of hybrid can be implemented using microstrip or 
stripline.  
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 Figure 5: Branchline hybrid geometry [1] 
 
 Power dividers can be designed to have 180-degree phase shift between the output 
ports. Examples of this are the ring hybrid and the tapered coupled lines. For our 
application, we only need a 90-degree phase difference, so these designs will not be 
considered. 
 
1.3 Requirements 
The new power divider design must meet several requirements to be used in the new 
application. These requirements will be used to evaluate the various power divider 
designs’ performances. 
The new power divider must operate at the center frequency of the overall system. 
The design must function at 63.86 MHz, with a bandwidth of +/- 650 kHz. 
The ratio of the output power is determined by the power divider topology. Some 
power divider designs will divide the power evenly between the two output ports, while 
others provide more power to one of the output ports compared to the other. In our 
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application, we need to divide the power evenly. This is called a 3-dB power divider. Our 
implementation will allow a maximum output power of -3.75 dB at both output ports. 
The difference between the power at the output ports should not exceed not exceed 0.2 
dB at the center frequency, or 0.4 dB at the outer frequencies. 
The power divider drives the body coil in quadrature mode. Because of this, the phase 
between the output ports needs to be 90 degrees, +/- 3 degrees. 
The amplifier is located directly before the power divider in the RF path, as shown in 
Figure 6, and can produce up to 16 kW of peak envelope power. The average amount of 
power the amplifier outputs is 1.5 kW. There is limited cable loss between the amplifier 
and power divider, so the new power divider must be able to withstand the maximum 
amount of power the amplifier can output. Based on this, designs with narrow 
microstrips, such as the Lange coupler, are not feasible. 
Figure 6: Transmit chain set up 
 
 
10 
 
The current power divider designed for 127.72 MHz is located inside the magnet 
room and housed in an enclosure on the side of the magnet. The new 63.86 MHz power 
divider design must fit in the same enclosure and in the same location on the magnet 
because there is no intention of changing the enclosure and magnet layout based on the 
results of this investigation. Therefore, the design must be able to fit within a 26 x 23 cm 
area inside of the current enclosure, as well as work within a strong magnetic field.  
The power divider is connected to the body coil. Each patient is placed inside the 
body coil during a MR scan. Every patient is unique: each has a different height, weight, 
and body composition. This results in the body coil reacting to each patient slightly 
differently, resulting in a varying load attached to the power divider. When considering a 
design at 63.86MHz, the design must be flexible enough to handle a variety of load 
impedances.  
Various phantoms were placed on the 63.86MHz MRI’s table at different locations to 
determine the amount of variability that is placed on the system. Figure 7 graphs the S21 
performance of the body coil on a Smith chart. The highlights are added to help 
distinguish the location of the loads we are looking at. The loads seen by the power 
divider are located to the left of the center and congregating between 0.6 and 1.0 Ω, 
normalized. The center, or 1.0, depicts a 50 Ω load, while 0.6 would be a 30 Ω load. (The 
arrow is pointing to a perfect 50 Ω load at the center of the Smith chart.) Most of the 
points are concentrated around 0.7 – 0.8. This would be considered a 35- to 40 Ω load. 
The load for the power divider simulations will be adjusted to reflect this 35- to 40 Ω 
load to allow us to evaluate the design under normal conditions. The power divider is 
required to handle a variable load that is less than 50 Ω. 
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Figure 7: The response of power divider to various phantoms placed at different 
locations on the MR table 
 
 
Additionally, the loads are not located along the center line of the Smith chart: The 
loads will have a small amount of reactance to them. An investigation of the load 
variations’ effect on the power divider performance will be conducted later.  
Furthermore, the power divider needs to be designed in a 50 Ω system. As seen in 
Figure 6, the amplifier and switch are located on either side of the hybrid. These 
components and the cables in the system are 50 Ω cables. Even though the hybrid could 
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be designed based on the variable load to limit the mismatch, the other portions of the 
system would also have to be redesigned then. To limit the complexity and amount of 
redesign, the power divider will be designed in a 50 Ω system. 
To get the best image quality, the patient anatomy being scanned needs to be as close 
to the center of the MR as possible. At times, a patient will be off centered because an 
arm, leg, or shoulder is being scanned. This will result in the load seen at the two ports of 
the power divider to not be the same. Based on this, the power divider design also must 
be able to withstand a load that is not symmetrical. 
Because of the possible mismatch between the body coil and the power divider, some 
of the power can be reflected. The reflected power can cause damage to the amplifier. 
Therefore, the power must be directed to a load instead of back to the amplifier. This 
requires that the power divider have four ports: an input port, 2 output ports, and an 
isolated, or load, port. There must be at least 20 dB of isolation between the input port 
and load port. 
Another requirement is that there must be at least 20 dB of return loss at port 1. 
Again, we need to ensure that a limited amount of power is returning to port 1 and 
subsequently, the amplifier.  
The power divider should be as close to an ideal power divider as possible: matched, 
lossless, and reciprocal. This will guarantee that the least amount of power is lost through 
the power divider and that any reflected power at the output ports is dissipated into the 
load port instead of damaging the amplifier. Also, the system must accurately calculate 
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how much power is being sent into the patient. If the power divider is as close to ideal as 
possible, this measurement can be easily obtained. 
In summary, the following requirements must be met for the new power divider 
design: 
 
Table 1: Evaluation requirements for hybrid design 
 
The following requirement will not be tested during this investigation: 
- Withstand 16 kW of peak power, 1.3 kW of average power 
  
Test Specifics 
Size constraint max 26.5 cm x 23 cm  
Even power division 
 -3 to -3.75 dB  Even power dissipation at +/- 650 kHz 
Difference between output power at CF max 0.2 dB 
Difference between output power +/- 650 kHz max 0.4 dB 
90 deg phase shift 90 +/- 3 deg 
Good isolation (port 4) 
S41 < -20 dB At +/- 650 kHz 
Good return loss (port 1) 
S11 < -20 dB  At +/- 650 kHz 
Handle a variable load 35-40 Ω 
Handle an asymmetrical load Difference max 25 Ω 
Cost Minimal impact to system 
Non-magnetic  
Complexity of implementation  
Heating implication Needs to withstand 16 kW of peak power  
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2. POWER DIVIDER THEORY  
2.1 Four-port Directional Coupler 
 
Mathematically, it can be shown that a four-port power divider can be lossless, 
matched, and reciprocal. For our purposes, we will use S-parameters to demonstrate these 
power divider properties.  
Assuming all ports are matched, then 𝑆𝑖𝑖 =  0.   The following S-parameter matrix 
can be found: 
[
0 𝑆12   𝑆13 𝑆14
𝑆21 0   𝑆23 𝑆24
𝑆31 𝑆32   0 𝑆34
𝑆41 𝑆42   𝑆43 0
]                                                   (1) 
If the device is reciprocal, then the matrix is symmetric, so 𝑆𝑥𝑦 =  𝑆𝑦𝑥. Therefore, 
the above matrix (1) can be rewritten as the following: 
[
0 𝑆12   𝑆13 𝑆14
𝑆12 0   𝑆23 𝑆24
𝑆13 𝑆23   0 𝑆34
𝑆14 𝑆24   𝑆34 0
]                                                   (2) 
If S is unitary, then the power divider is lossless. This results in the following 
computations and equations: 
Multiply row 1 (conjugate) by row 2. Multiply row 4 (conjugate) by row 3.  
𝑆13
∗ 𝑆23 +  𝑆14
∗ 𝑆24 = 0 
𝑆14
∗ 𝑆13 +  𝑆24
∗ 𝑆23 = 0                                           (3 a, b) 
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Multiply (3.a) by 𝑆24
∗ . Multiply (3.b) by 𝑆13
∗ . Subtract the two results.  
𝑆14
∗ (|𝑆13|
2 − |𝑆24|
2) = 0                                                (4) 
Multiply row 1 (conjugate) by row 3. Multiply row 4 (conjugate) by row 2. 
𝑆12
∗ 𝑆23 +  𝑆14
∗ 𝑆34 = 0 
𝑆14
∗ 𝑆12 +  𝑆34
∗ 𝑆23 = 0                                           (5 a, b) 
Multiply (5.a) by 𝑆12. Multiply (5.b) by 𝑆34. Subtract the two results. 
𝑆23(|𝑆12|
2 − |𝑆34|
2) = 0                                                  (6) 
In order for (4) and (6) to be satisfied, 𝑆14 =  𝑆23 = 0. This results in the 
following matrix for a directional coupler [1]. 
[
0 S12   S13 0
S12 0   0 S24
S13 0   0 S34
0 S24   S34 0
]                                                           (7) 
 
As we can see, the 4-port power divider can be matched, lossless, and reciprocal. 
As stated earlier, the power divider needs to have a 90-degree phase difference between 
the output ports. The below matrix is an example of a 4-port power divider with a 90- 
degree phase difference between the output ports.  
 
1
√2
[
0 𝑗   1 0
𝑗 0   0 1
1 0   0 𝑗
0 1   𝑗 0
]                                                  (8) 
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2.2 Even - Odd Mode Analysis 
 
 We can use the even-odd mode analysis method to analyze the circuit seen in 
Figure 5. To begin with, the branchline hybrid is normalized to Z0, resulting in the design 
seen in Figure 8. It is assumed that an incident wave at port 1 has an amplitude of 1 [1]. 
 
Figure 8: Normalized branchline coupler [1] 
 
Due to symmertry, we can redraw the four-port network as two decoupled two-
port networks [1], as shown in Figure 9a. The amplitude of the incident waves are now + 
½ at port 1 and 4 in Figure 9a. This results in no current and the max voltage at the line of 
symmetry on the vertical portions of the hybrid. This results in two open- circuited stubs, 
and the circuit is redrawn on the right side of Figure 9 a.  
The opposite can also be used to evaluate the odd-mode: Along the line of anti-
symmetry, the current is now at a max with voltage = 0. This results in two short-
circuited stubs. The amplitude for Figure 9b is + ½ at port 1 and – ½ at port 4. 
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Based on the reflection and transmission coefficients seen in Figure 9, the 4 port 
hybrid amplitude analysis is as follows, with the power entering at port 1: 
𝐵1 =  
1
2
 Γ𝑒 +  
1
2
 Γ𝑜 
𝐵2 =  
1
2
 𝑇𝑒 + 
1
2
 𝑇𝑜 
𝐵3 =  
1
2
 𝑇𝑒 − 
1
2
 𝑇𝑜 
𝐵4 =  
1
2
 𝛤𝑒 − 
1
2
 𝛤𝑜                  (9) 
 
Figure 9: Even-odd mode analysis of branchline hybrid [1] 
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 Starting with the even-mode portion of the analysis, the open circuit results in 
open -circuited stubs of length λ/8. This results in a shunt- transmission line- shunt 
combination. The matrix multiplication is as follows: 
[
𝐴 𝐵
𝐶 𝐷
]
𝑒
=  [
1 0
𝑗 1
] [
0
𝑗
√2
𝑗√2 0
] [
1 0
𝑗 1
] =  
1
√2
[
−1 𝑗
𝑗 −1
]  (10) 
 
Equation 10’s result can be converted into s parameters, or the even reflection and 
transmission coefficients. 
 
Γ𝑒 = 0 
𝑇𝑒 =  
−1
√2
(1 + 𝑗)              (11) 
 
 Addtionally, the odd-mode analysis can be performed, resulting in the following 
matrix and reflection transmission coefficients: 
[
𝐴 𝐵
𝐶 𝐷
]
𝑜
=  
1
√2
[
1 𝑗
𝑗 1
] 
Γ𝑜 = 0 
𝑇𝑜 =  
1
√2
(1 − 𝑗)              (12) 
 
 Inserting the even and odd reflection and transmission coeffieicnts from (11) and 
(12) into (9) results in the following updated results for the amplitude at the ports: 
19 
 
𝐵1 =  0 
𝐵2 =  
−𝑗
√2
  
𝐵3 =  
−1
√2
 
𝐵4 =  0      (13) 
 
 With the power entering at port 1, B1 has no power reflected back to this port, 
implying that port 1 is matched. B2 and B3 are at half power and a -90 and -180 degree 
phase shift, respectively. All of the power is transferred to the output ports (port 2 and 3) 
since no power is reflected back to port 4 (B4 = 0). These results match the results shown 
in (8) and are what we would anticipate for a branchline hybrid. 
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3. MINIATURIZATION THEORY AND DESIGN 
3.1 Quadrature Hybrid Evaluation 
The ideal power divider for our application would be to use coupled lines or a 
quadrature hybrid. The length and width of the π/2 length of 50 Ω microstrip line for the 
quadrature hybrid was calculated using LineCalc. LineCalc is a tool in a schematic 
simulation program, ADS or Advanced Design System, that calculates the line width and 
length of the microstrip [16]. ADS uses the same equations found in [1] to calculate the 
microstrip dimensions. With a dielectric constant (εr) of 3.66 and a dielectric height (h) of 
3.15 mm, LineCalc determined the length of the microstrip must be 693.87 mm and the 
width 6.896 mm for the 50 Ω, λ/4 segment of the hybrid design. A summary of the 
LineCalc and optimized simulated dimensions for both the 50 Ω and 35.35 Ω segments of 
the hybrid are summarized in Table 2.  
 
Table 2: Dimensions of hybrid 
Dimension Impedance (Ω) LineCalc (mm) Simulations (mm) 
Width 50 6.896 6.895 
Length 50 694.17 670 
Width 35.35 11.58 11.58 
Length 35.35 679.13 688 
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Currently, the 127.72 MHz power divider is on the same circuit board as the 
transmit- receiver switch. To limit the number of changes needed for the new power 
divider design, the same board material was used for this investigation. Therefore, the 
minimal changes would be required for the switch portion of the circuit. The specific 
thickness, dielectric material, and dielectric constant of the board layers, as drawn out by 
ADS, can be found in Figure 10. The bottom layer is 1.524 mm thick, composed of Roger 
RO4350, as shown on the far right. This layer is followed by a bonding agent 
(RO4450B2) that is 0.102 mm thick. The top layer is 1.524 mm thick and is another layer 
of RO4350. The total board thickness is 3.15 mm, as shown by the height on the left, or 
by adding up the thicknesses on the right. 
 
Figure 10: Substrate stack up in ADS for microstrip 
 
 
To create a baseline for our desired performance at 63.86 MHz, a quadrature 
hybrid was simulated with 50 Ω loads at all ports. The power divider design in the 
microstrip layout can be found in Figure 11. Note that the top left corner is port 1. 
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Traveling clockwise: port 2, port 3, and port 4. Port 1 is the input port in our simulations. 
Port 2 and 3 are the output ports. Port 4 is the load. 
 
Figure 11: Simulated circuit layout for quadrature hybrid at 63.86MHz 
 
 
Simulation results for Figure 11 are shown in Figure 12, which shows S21 and S31 
are both about 3dB down. This illustrates that the quadrature hybrid works well at 
dividing the power equally between the output and coupled port. This satisfies the 3dB 
power division requirement for the new power divider design. The bandwidth 
requirement is also satisfied. S21 and S31 are approximately - 3 dB at +/- 650 kHz.  
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The power divider also must have good isolation at port 4. As seen in Figure 12, 
S41 is about - 40 dB, meeting the isolation requirement between port 4 and port 1. But, the 
isolation at port 4 on this power divider is more sensitive: as we venture away from the 
center frequency, our isolation quickly degrades. Based on this, the isolation at port 4 
may have a difficult time handling a variable load. 
 
Figure 12: Simulated perfect quadrature hybrid response (dB) 
 
 
As seen in Figure 13, the phase difference between the two output ports is 90 
degrees, meeting another one of our requirements for the design.  
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Figure 13: Simulated perfect quadrature hybrid response (phase) 
 
Unfortunately, the dimensions found do not meet the requires 26 x 23 cm size 
constraint. According to (9), it will require a size reduction of at least 66% and 61%, 
respectively. Some method of miniaturization will need to be applied to the design to 
allow for the power divider design to reduce to the correct size.  
 
𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑖𝑧𝑒−𝑛𝑒𝑤 𝑠𝑖𝑧𝑒
𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑖𝑧𝑒
𝑥 100 =  𝑠𝑖𝑧𝑒 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%)               (14) 
 
3.2 General Miniaturization Methods 
In the 127.72 MHz power divider design, a combination of a λ/8 coupler and 
lumped elements is used. Lumped elements were used to minimize the size of the circuit. 
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An off-the-shelf, λ/8 power divider was used to imitate this design at 63.86 MHz. The 
power divider was unsuccessful when placed in the MR system. It is believed the power 
divider design had poor results because it was not able to withstand the body coil’s 
variable load.  
Another option is to increase the dielectric constant. This requires stricter 
tolerance of the microstrip design, with limited forgiveness to the variability found in 
components. In the past, the board manufacturers have not been able to produce within 
these strict tolerances. Therefore, these designs were unsuccessful. Finally, placing the 
design on two or more layers could produce additional space, but also adds to the overall 
cost of the power divider, and is not favorable. These additional miniaturization methods 
were not implemented because it was decided to use the same board material as the 
current 127.72 MHz power divider design. This approach allowed the other part of the 
circuit on the power divider board to be reused. 
 
3.3 Lumped Element Methods 
Another method for implementing a power divider is using lumped elements or 
components. Specifically, for a directional coupler, the lumped elements would be used 
to replace the microstrip lines. The lumped elements are a combination of high pass and 
low pass networks. This method is a common method for circuit size reduction [5]. The 
lumped element approach also provides a larger bandwidth for power division than 
coupled lines, good matching, and isolation [5]. It can be useful in reducing filtering 
requirements in the system [6].  
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3.3.1 Theory 
A transmission line can be simulated using lumped elements, such as resistors, 
inductors, and capacitors. Often, a transmission line is replaced by lumped elements to 
reduce the length of the line. The components are realized in “T” or “pi-networks”. An 
example of a low-pass “pi-network” is shown in Figure 14a.  
References [5-7, 12, 15, 17] demonstrate that it is possible to use lumped elements 
to divide the power to two output ports in a circuit. Lumped elements can be 
implemented into a circuit in the configurations shown in Figure 14 - Figure 16. The 
inductors and capacitors in Figure 16 can be switched to achieve comparable results, as 
show in [17]. This double boxed design can also improve the bandwidth of the branchline 
coupler design [17]. Depending on the application, one method might be preferred over 
the other. The lumped elements design divides the power evenly, provides isolation, and 
produces quadrature signals [5-7, 12, 15, 17].  
Unfortunately, the components have resistive loss and can heat up. This is a 
concern because the power divider design needs to be able to withstand 16 kW of peak 
power. Also, each component is created with a specific tolerance, which can cause a 
variation in performance.  
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Figure 14: Lumped element equivalent of quadrature hybrid, example 1 [5] 
 
 
 
Figure 15: Lumped element equivalent of quadrature hybrid, example 2 [5,12] 
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Figure 16: Lumped element equivalent of quadrature hybrid, example 3 [15] 
 
 
3.3.2 Simulations 
Applying (11) and (12), the values of the components for the design in Figure 14a 
were calculated and summarized in Table 3. Figure 18 and Figure 19 show the simulation 
results of this circuit after optimization. Based on these results, a 3-dB power divider was 
successfully created. The power divider has a 90-degree phase difference between the 
outputs.  
𝜔 = 2𝜋 𝑓 =  401.2  
𝑀𝑟𝑎𝑑
𝑠𝑒𝑐
            (15) 
𝑋𝐿 =  𝜔𝐿        (16) 
𝑋𝑐 =  
1
𝜔 𝑍0
        (17) 
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Table 3: Component values for lumped element model 
Component Reactance (Ω) Value Component in circuit 
C -50 49.8 pF C7, C8 
L 50 120 nH N/A 
C -120.76 20.6 pF C1, C2, C4, C5 
L 35.35 88 nH L1, L2 
 
Figure 17: Simulated lumped element equivalent of quadrature hybrid, example 1 [5] 
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Figure 18: Simulated amplitude response of lumped element model, example 1, optimized 
 
 
Figure 19: Simulated phase response of the lumped element model, example 1, optimized 
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The third lumped element design (Figure 16) was also simulated. Figure 20 is the 
schematic in the simulation tool. The optimum values were found and summarized in 
Table 4. Figure 21 and Figure 22 show the optimized results from this simulation. This 
lumped element design was used as a basis to determine the component values for the 
microstrip lumped element design, as seen in Figure 23. Table 4 also includes the 
component values for the microstrip simulation. Once a value was determined for the 
inductors, the manufacturer-provided inductor models were placed in the simulation to 
attempt to achieve simulation results as accurate as possible. The response of the 
microstrip lumped element design is seen in Figure 24 and Figure 25. The lumped 
element microstrip power divider meets the requirements of 3 dB power division, a 90-
degree phase difference, and at least 20 dB of isolation at port 4. 
 
Figure 20: Simulated basic lumped element hybrid coupler circuit from example 3 [15] 
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Table 4: Component values for basic lumped element hybrid coupler circuit from Figure 
17 
Component Value (perfect- Figure 20) Value (microstrip- Figure 23) Units  
L1 300 250 nH 
L2 196 225 nH 
L3 130 110 nH 
C1 70 90 pF 
C2 130 135 pF 
 
 
Figure 21: Simulated amplitude response of lumped element design from Figure 20 
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Figure 22: Simulated phase response of lumped element design from Figure 20 
 
Figure 23: Lumped element design in microstrip, with realized models for inductors 
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Figure 24: Simulated amplitude response of lumped element 
microstrip design, Figure 23 (dB) 
 
 
Figure 25: Simulated phase response of the lumped element 
microstrip design, Figure 23 (phase) 
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3.4 Slow Wave 
The size of the circuit can also be reduced by using slow wave structures, such as 
shunts [8-10].  In transmission lines, the phase velocity is considered “fast” because the 
magnetic and electric storage locations are near: The phase velocity has not been altered. 
Alternatively, shunts cause the phase velocity in the transmission line and microstrip to 
slow down because of the distance between the magnetic and electric storage locations 
caused by the new geometry [13]. This allows the circuit size to shrink.  
The ratio of the original wavelength of the transmission line to the wavelength of 
the slow wave structure is the slowing factor. The higher the slow wave factor, the more 
the circuit can be reduced using the slow wave structure [11]. The slow wave structures 
are implemented in conjunction with another form of power division, such as a 
quadrature hybrid. 
 
3.4.1 Slow Wave Calculations 
For our purposes, we will start by calculating the slow wave dimensions for the 
50 Ω line only, or the line with a width of 6.895 mm and a length of 681 mm. Table 5 
lists the given parameters for the slow wave design. 
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Table 5: Slow wave parameter givens 
Parameter Dimension Unit 
Ꜫr 3.66 F/m 
Height (h) 3.15 mm 
Width, 1 (50 Ω) 6.895 mm 
Length, 1 (50 Ω) 681 mm 
Width, 2 (35.35 Ω) 11.58 mm 
Length, 2 (35.35 Ω) 670 mm 
Frequency (f) 63,860,000 Hz 
Angular Frequency (w0) 4.01 e8 rad/ sec 
Electrical length (φ) 1.57 rads 
Electrical length (φ) 90 deg 
Speed of light (c) 3,000,000 m/s 
 
The speed of the signal through the microstrip needs to be calculated because it is 
not traveling in a vacuum, and therefore not traveling at the speed of light. To do that, the 
effective dielectric constant (Ꜫeff or Ꜫl) must be calculated using (13). The effective 
dielectric constant is used to calculate the phase velocity (14) used in the slow wave 
calculations. The remaining dimensions of slow wave structures can be calculated using 
(16) through (20) from [8]. The calculated results are shown in Table 6.  
 
𝜀𝑒𝑓𝑓 =  
𝜀𝑅+1
2
+  
𝜀𝑅−1
2
 [
1
√1+12 (
ℎ
𝑊
)
]     (18) 
𝑣𝑝 =  
𝑐
√𝜀𝑒𝑓𝑓
      (19) 
𝜆 =  
𝑐
𝑓√𝜖𝑙
        (20) 
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Table 6: Calculated values for slow wave structures (50 Ω line) 
Parameter Dimension Unit 
Eeff or El 2.85  
Phase velocity (Vp) 1.78 e8 m/s 
Wavelength (λ) 2775.4 mm 
 
 
 
𝑘0
𝛽0
=  
𝑍𝑐,𝑙𝑜𝑎𝑑𝑒𝑑
𝑍𝑐
           (21) 
 
𝑑 =  
𝜙
𝑁
 (
𝑍𝑐,𝑙𝑜𝑎𝑑𝑒𝑑
𝑍𝑐
)
𝑣𝑝
𝜔0
            (22) 
 
𝐶𝑝 =  
𝜙
𝑁𝜔0
 (
𝑍𝑐
2− 𝑍𝑐,𝑙𝑜𝑎𝑑𝑒𝑑
2
𝑍𝑐
2𝑍𝑐,𝑙𝑜𝑎𝑑𝑒𝑑
2 )    (23) 
 
𝐶𝑝 =  
1
𝜔0𝑍0,𝑠𝑡𝑢𝑏
tan(𝑘0𝑙𝑠𝑡𝑢𝑏)    (24) 
 
𝑙𝑠𝑡𝑢𝑏 =  tan
−1(
𝜔0𝑍0,𝑠𝑡𝑢𝑏𝐶𝑝
𝑘0
)    (25) 
 
Based on our requirement that the dimension must reduce by 61%, 
𝑘0
𝛽0
 must be 
61%. Therefore, based on (16), Zc,loaded will be 50 Ω and Zc will be 81.85 Ω. Zc is the 
microstrip impedance between the stubs, as well as the stubs. The microstrip leading up 
to the first stub has an impedance of Zc,loaded.  
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Next, the number of stubs, the distance between the stubs, and the length of the 
stub needs to be determined using (17) and (20). The number of stubs can be chosen 
based on the desired dimensions.  
Several variations of the number of stubs, distance and length of stubs were used 
to determine the optimum combination for our design. Table 7 shows the dimensions that 
were calculated as the number of stubs increased.  
As the number of stubs increase, we decrease our size to a certain limit, as shown 
in Figure 26. Unfortunately, the same figure shows that at 81 Ω, it is not possible to get 
the dimension of the power divider to the correct size for design. As we increase the 
capacitance of the line, we are increasing Zc and narrowing the width of the microstrip 
line. As the microstrip narrows, the amount of power the microstrip can handle decreases.  
Figure 27 shows the relationship between increasing Zc and the shrinking of the 
design. As the width of the microstrip line narrows, the hybrid’s dimensions decrease to 
an extents, but never reach the desired size. Further, the increase in impedence would not 
be feasible for the hybrid design because the power handling of the microstrip decreases 
as the impedence increases due to the line width narrowing. 
The calculations for Zc = 100 Ω were calculated and graphed in Figure 28. Eight 
stubs with an impedance of 100 Ω is unable to get the power divider down to the required 
dimensions. Additionally, increasing the Zc impedance to 100 Ω is not an option because 
we would be unable to meet our power requirement. 
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Table 7: Slow wave structure dimensions as number of stubs changes 
N 1 2 3 4 5 6 7 8 
d (mm) 425 212.4 141.6 106.2 6 70.8 60.68 53.1 
d/2 (mm) 212.4 106.2 70.8 53.1 42.48 35.4 30.34 26.55 
Cp 4.91E-11 2.45E-11 1.64E-11 1.23E-11 9.82E-12 8.18E-12 7.01E-12 6.13E-12 
length of stub (mm) 344 202 140 107 86 72 62 54 
dimensions of hybrid (mm) 849.58 637.19 566.39 530.99 509.75 495.59 485.47 477.89 
 
Figure 26: Cp and Dimensions vs number of stubs for 81 Ω line 
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Figure 27: Effect of line impedance on dimensions of hybrid, 8 stubs 
 
 
Figure 28: Cp and Dimensions vs number of stubs for 100 Ω line 
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Figure 29 is a summary of the results from adjusting the impedance of the original 
line (Zc,loaded), while keeping the number of stubs constant at 10 stubs. The power divider 
size constraint, or limit, is graphed at 260 mm. All combinations of Zc,loaded  successfully 
meet the power divider size constraint at a certain point.  
 
Figure 29: Change in Zc loaded, 10 stubs 
 
In an attempt to determine what combination of line impedances that would 
provide the desired dimensions for the power divider, calculations were performed with 
10 stubs and a variable Zc,loaded. The impedances of Zc,loaded ranged from 5- to 50 Ω, as 
seen in Figure 29. The Zc impedances ranged from 55- to 100 Ω. If our Zc,loaded 
impedance is 35, we are able to get our hybrid to the correct dimensions with a 100 Ω 
line (Zc). But, as mentioned before, we are unable to get the required power through a 
100 Ω microstrip, so this combination is not an option.  
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3.4.2 Slow Wave Simulations 
The calculations were performed for a 5-stub hybrid on the vertical sections of the 
hybrid as proof of concept. The calculations were not performed on the horizontal 
sections of the hybrid. Table 8 is a summary of the dimensions of the hybrid. Note that as 
the stubs are added to decrease the vertical direction of the hybrid, the stub length must 
be added to the horizontal direction.  
 
Table 8: Slow wave dimensions, 5 stubs 
Dimension mm 
Distance between stubs  80 
Length of stub 95 
Width of stub 2.81 
Length of horizontal line (35.35 Ω line) 670 + 95 +95 = 860 
Width of horizontal line 11.58 
 
Figure 30 and Figure 31 are the performance of the 5-stub hybrid. Despite 
attempting to optimize the performance by adjusting the length of the stub and distance 
between the stubs, the hybrid not does have the optimal power division: The power 
division is not an even 3 dB split. The isolation at port 4 meets the required minimum of 
20 dB of isolation. The phase difference between the ports is 90 degrees. 
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Figure 30: Simulated amplitude performance of slow wave structures, 5 stubs 
 
 
Figure 31: Simulated phase performance of slow wave structures, 5-stubs 
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Figure 32: Microstrip layout of 5-stub hybrid 
 
 
 An 8-stub hybrid was also optimized and simulated. Table 9 is a summary of the 
dimensions. Figure 33 and Figure 34 show the performance of the hybrid. The 8-stub 
hybrid’s performance is better than the 5-stub version: it meets the 3dB requirement and 
has even better isolation performance. 
 
Table 9: Dimensions of 8-stub hybrid 
Dimension mm 
Distance between stubs  53 
Length of stub 80 
Width of stub 2.81 
Length of horizontal line (35.35 Ω line) 860 
Width of horizontal line 11.58 
Distance between junction and first stub 26.5 
Width of original line 6.895 
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Figure 33: Simulated amplitude performance of slow wave structure, 8-stubs 
 
 
Figure 34: Simulated phase performance of slow wave structure, 8-stubs 
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3.5 Meander Line 
Meandering the microstrip line is also another approach to shrinking the circuit. 
For example, the length of the microstrip line along the sides of the quadrature hybrid can 
be bent in such a way to reduce the overall size of the design. The distance between the 
bends in the microstrip must be twice the size of the microstrip’s width. Otherwise, the 
microstrip lines can interfere with one another. 
Figure 35 is an example of a quadrature hybrid design with meandered microstrip. 
The length of the meandered microstrip from port 1 to port 2 is 565 mm. The horizontal 
dimension is only 335 mm. The vertical length from port 1 to port 3 was 670 mm and 
was reduced to 320 mm with the meander lines. The performance of this design can be 
seen in Figure 36 and Figure 37.  Unfortunately, as the size is reduced in the horizontal 
direction, length is added in the vertical direction due to the meander lines extending into 
this area.  
In an attempt to limit how much the horizontal meandered lines affected the 
dimensions in the vertical direction, the meander lines were moved into the empty space 
in the center of the quadrature hybrid design, as can be seen by Figure 38. The meandered 
design meets our amplitude and phase requirements, as seen in Figure 39 and Figure 40. 
The new dimensions of the hybrid are 299 mm by 268 mm.  Our design dimensions are 
close to the required dimensions but are still too large to fit within the box. Therefore, 
this method is not a successful solution to reducing the circuit to the desired size.  
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Figure 35: Meander version of quadrature hybrid, version 1 
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Figure 36: Simulated amplitude results for meandered 
quadrature hybrid, version 1 
 
Figure 37: Simulated phase results for meandered quadrature 
hybrid, version 1 
49 
 
Figure 38: Simulated meander version of quadrature hybrid, version 2 
 
Figure 39: Simulated amplitude results for meandered quadrature hybrid, version 2 
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Figure 40: Phase results for meandered quadrature hybrid, version 2 
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4 VARIABLE LOAD INVESTIGATION 
4.1 Reactance Investigation 
One of the requirements of the power divider is that it needs to be able to 
withstand a variable load. As shown in Figure 7A, the loads that the power divider will 
see have a reactance portion. To determine how much this small amount of reactance 
affects the power divider design, the reactance was converted into an inductor in our 
circuit using (21) and (22). The imaginary values range from 0 to 0.2 on the Smith chart. 
Table 10 shows the results of the reactance converted into impedance values. Even 
though our hybrid will only see at most a reactance of 0.2, a reactance of 0.9 was also 
calculated to determine the response in an extreme case. The perfect quadrature hybrid 
performance with the different impedances added to the mismatched load are shown in 
Table 11. When comparing the first column (no imaginary portion) to the rest of the 
table, there is little variation in the performance, even when an extreme value, such as 0.9 
is used for the reactance. The same results can be seen in Table 12 when a different load 
was placed on the output ports. Due to this, we will ignore the reactance portion of the 
variable load. 
𝑋 = 2𝜋𝑓𝐿 
𝑋 =  𝜔𝐿              (26 a, b) 
𝐿 =  
𝑋
𝜔
                                                (27) 
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Table 10: Reactance and impedance values, using (22) 
X L (H) 
0.5 1.25E-09 
0.1 2.49E-10 
0.15 3.74E-10 
0.2 4.98E-10 
0.25 6.23E-10 
0.3 7.48E-10 
0.9 2.24E-09 
 
Table 11: Power divider performance as reactance changes (port 2: 45 Ω, port 3: 50 Ω) 
X 0 0.05 0.1 0.15 0.2 0.25 
 
0.9 
S21 -3.232 -3.219 -3.218 -3.218 -3.218 -3.218 -3.22 
S31 -3.138 -3.143 -3.143 -3.143 -3.143 -3.143 -3.143 
S41 -28.703 -28.57 -28.689 -28.679 -28.668 -28.655 -28.36 
S11 -29.531 -29.521 -29.529 -29.528 -29.527 -29.526 -29.51 
 
Table 12: Power divider performance as reactance changes (port 2: 40 Ω, port 3: 40 Ω) 
X 0 0.05 0.1 0.15 0.2 0.25 0.9 
S21 -3.222 -3.222 -3.222 -3.222 -3.222 -3.222 -3.224 
S31 -3.186 -3.186 -3.186 -3.186 -3.186 -3.186 -3.187 
S41 -20.898 -20.897 -20.896 -20.894 -20.892 -20.889 -20.778 
S11 -28.711 -28.71 -28.706 -28.708 -28.707 -28.706 -28.686 
 
4.2 Reaction of Hybrid to Variable Load  
Several load variation sweeps were completed using ADS and the perfect 
quadrature hybrid. Figure 41 are the results when the hybrid is connected to a load that is 
not the normal 50 Ω load. The hybrid is failing to meet the load spec of at least 20 dB of 
isolation at this port when the output ports are connected to a 40 Ω load. The hybrid is no 
longer resonating at 63.86 MHz, as it was when a 50 Ω load was connected. The results 
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from a mismatched load, specifically a 40 and 45 Ω load, are shown in Figure 42. This 
uneven load is more typical of what the new power divider design would encounter with 
the body coil, as shown in Figure 7. Unfortunately, the performance is degraded in both 
instances, but the performance requirements are meet when the hybrid has a mismatched 
load on the output. 
 
Figure 41: Simulated perfect quadrature hybrid response (dB) with 40 Ω load at both 
output ports 
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Figure 42: Simulated perfect quadrature hybrid response (dB) with variable load (40 and 
45 Ω) 
 
A further investigation was performed to determine at what point the design 
would fail when the load was varied. For example, how much of a mismatch at port 2 
would cause a failure at S41 or S11? Figure 43 - Figure 46 show the simulated response of 
the hybrid in the various load conditions. Table 13 details when each parameter failed 
based on the variable load configuration. The design did not fail the return loss 
requirement until the mismatch reached the extreme of 36 Ω. On the other hand, the 
isolation requirement failed in all four variations. 
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Table 13: Summary of variable load investigation with simulated perfect quadrature 
    Port 2 value at failure 
Port 3 (Ω) 3 dB division S41 failed (Ω) S11 failed (Ω) 
50 yes 36 36 
45 yes 38 N/A 
42 yes 42 N/A 
40 yes 42 N/A 
 
Figure 43 - Figure 46 show how the response of the hybrid varies as the load 
varies. On the left side of the chart, the output power level requirement is plotted from -3 
to -3.75 dB. In all cases, both output power responses stay within this requirement, 
despite the variation in the load. Therefore, this design meets our output power level 
requirements. 
On the right side of the graph, the isolation is graphed, with the isolation 
requirement of -20 dB graphed in red. The isolation at the load (S41) in Figure 43 is able 
to meet the -20 dB requirement in load variations on port 3. In Figure 44 - Figure 46, the 
isolation at the load eventually fails to meet the -20 dB of isolation requirement. The 
design is able to meet the required -20 dB for S11. Despite the failures in the isolation 
between port 1 and 4, this design performs well.  
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Figure 43: Reaction to variable load (50 Ω at port 2) with simulated perfect quadrature 
 
 
Figure 44: Reaction to variable load (45 Ω at port 2) with simulated perfect quadrature 
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Figure 45: Reaction to variable load (42 Ω at port 2) with simulated perfect quadrature 
 
Figure 46: Reaction to variable load (40 Ω at port 2) with simulated perfect quadrature 
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 Overall, the quadrature hybrid was able to handle the mismatched load, based on 
the ADS simulations. The design was able to meet the requirements for the 3 dB power 
division at the outputs. The design also met the return loss requirement at port 1. 
However, the hybrid was not able to the isolation at port 4. As the load at port 4 
decreased, so did the load value at which the design failed to meet the S41 requirement. 
Based on the results, the hybrid performs better with a mismatched load then when the 
the load is the same, but less than 50 Ω. The quadrature hybrid design is fairly resilant to 
the mismatched load.  
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5 RESULTS  
In this chapter, we will be discussing the results of the hybrid designs currently in 
product and the new designs.  
The original designs will also be evaluated using the body coil and variable 
attenuator. More information about these original designs can be found in sections 5.1.2 
and 5.1.4. 
Two new hybrid board designs were manufactured to confirm the ADS results 
and observe the designs’ response to the body coil. Even though the lumped element 
design was the only design to fit the size constraint, the meander line design was also 
manufactured. The meander line design came close to meeting the size constraint but was 
still too large. The new designs’ performances will be evaluated using the same tests, but 
the ultimate test is if the designs have improved on the λ/8 hybrid design’s performance. 
The characterization of the new hybrid designs are provided in sections 5.2 and 5.3. A 
comparison is conducted in section 5.4. 
 
5.1 Baseline 
All the hybrid coupler designs will be attached to one body coil with various 
phantom loaders placed inside the body coil to gather data on the hybrid’s ability to 
withstand a variable load. The specifics of the tests are provided in section 5.1.2. The 
original designs’ performances will then be compared to the new designs, under the same 
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load conditions, to determine which design is better at handling the body coil’s variable 
load. 
The same hybrid coupler designs will also be attached to a variable attenuator. 
The variable attenuator mimics the body coil coupling between the ports. Additional tests 
with the variable attenuator mimic the variable load between the body coil ports a hybrid 
coupler might see. This allows us to gather more response data without having a large 
population of body coils. More information about the variable attenuator testing is 
described in section 5.1.2. 
 
5.1.1 Body Coil Information and Baseline Performance 
The body coil is a two-port, RF transmit and receive coil that is permanently 
located inside the bore of a MR system. The two coils of the body coil couple together. 
The most common type of design is a birdcage. As seen in Figure 47, there are two 
conductive rings at the far ends, or the end rings, which are connected by an even number 
of long, conductive strips, or rungs. Together, with capacitors, the birdcage design can 
create a circularly polarized B1 field [18]. 
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Figure 47: RF body coil, birdcage design [18] 
 
As a baseline, the body coil’s performance was determined with the various 
phantom loaders installed inside of it. Each of the three phantoms will interact slightly 
differently with the body coil, exerting a different load on the hybrid. Figure 48 is a block 
diagram of how the phantom loaders were set up and then tested with the body coil 
attached to the hybrid (or DUT). Figure 49 shows the short loader placed on top of a 
Styrofoam centering tool. The outer green coil is the gradient coil. The body coil is 
placed inside of this. Figure 50 is included as reference so the reader understands the 
relative length and diameter differences between the three phantom loaders.  
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Figure 48: Block diagram of body coil, phantom loader, and hybrid set up 
 
 
Figure 49: Short phantom loader installed inside of the body coil, on top of a centering 
foam 
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Figure 50: Phantom loaders: short, head, long (L to R) 
 
 
The results of the body coil’s response to the different phantom loaders inside the 
bore can be seen in Figure 51. The full set of data can be seen in Table 46 located in 
Appendix C. These results will not be compared to any of the hybrid designs but will be 
used to help us understand the performance of our body coil. Specifically, in Figure 51, 
the performance of the body coil varies with each phantom loader, which we would 
anticipate. But the S22 performance for a body coil is empty is not what we would expect. 
We would expect to see a large reflection at this port when the body coil is empty, and 
we would then expect to see less reflection for the other phantom loaders. If the body coil 
was functioning correctly, we would see a similar amount of reflection on S22 as S11. The 
other phantom loaders have degraded performance at this port as well.  
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The results show that the body coil is damaged: port 2 is not loading as it should. 
Despite the body coil being damaged, this body coil can still be used for our 
investigation. This is an example of an extreme case the body coil would exhibit. 
Figure 51: Two port body coil’s response to various phantom loaders 
 
 
5.1.2 Four Port Power Divider, λ/8 Design 
The four-port hybrid that functioned at 127.72 MHz used a λ/8 quadrature power 
divider design, as can be seen in Figure 52. The design also used capacitors, or lumped 
elements, to minimize the lengths of the vertical portions of the quadrature design. Figure 
52 was replaced with a manufactured, off-the-shelf 63.86 MHz λ/8 hybrid. It successfully 
worked for one MRI system because the body coil was designed in conjunction with the 
hybrid. Unfortunately, when this λ/8 hybrid was connected to a different body coil, it did 
not perform well. It is believed to be due to the hybrid’s poor ability to respond to the 
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varying loads the body coil placed on the hybrid. In addition, the 127.72 MHz λ/8 hybrid 
could not be used as a λ/16 hybrid for the 63.86 MHz design. 
Table 14 summarizes the results of the hybrid and body coil with the various 
phantom loaders. The performance of the hybrid also includes the switch that is located 
directly after the hybrid. It is believed that this switch has minimal effect on the hybrid’s 
performance. 
 
Figure 52: λ/8 quadrature power divider 
 
 
Table 14: Results from redesigned λ/8 hybrid with body coil and phantom loaders 
 Empty (dB) Short (dB) Long (dB) Head (dB) 
S11 -2.369 -2.756 -3.153 -2.442 
S14 -16.162 -20.71 -18.63 -16.22 
S44 -4.2114 -5.193 -5.632 -4.445 
 
Port 1 
Port 2 
Port 3 
Port 4 
λ/8 transmission line 
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5.1.3 The Variable Attenuator Test and Set Up 
 
The hybrid was also attached to a variable attenuator to mimic the body coil 
coupling between ports. When the variable attenuator had 0 attenuation, the coupling 
between the body coil ports is at its maximum. The typical body coil coupling can be 
replicated with 15 -20 dB of attenuation. The variable attenuator was characterized. 
These results can be found in Appendix A, Table 31. 
Figure 53 illustrates the variable attenuator set up with the hybrid, or device under 
test. The variable attenuator ranges from 0-10 dB of attenuation. To achieve 20 dB of 
attenuation, two fixed 6dB attenuators were used in conjunction with the variable 
attenuator, as seen in Figure 54. For example, to achieve 10 dB of attenuation with the 
fixed 6 dB attenuator, the variable attenuator was set to 4 dB. This measurement, along 
with the 10 dB variable attenuator measurement, were taken to confirm that both methods 
read approximately the same. These repetitive results are not shown in the power divider 
design graphs. 
The full results from the attenuator characterization can be found in Appendix A, 
Table 31 - Table 32. Figure 94 - Figure 96 summarize the results of the variable 
attenuator characterization. These tests used two cables of equal length from the output 
ports to the variable attenuator. To observe the variable attenuator and hybrids with two 
cables of different lengths, please refer to Appendix A, Table 33 - Table 38.  
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Figure 53: A hybrid with a variable attenuator block diagram for “straight connectors” 
 
 
Figure 54: A hybrid with a variable attenuator block diagram with fixed attenuation 
 
Additional tests were run with the variable attenuator. A 50 Ω load was placed in 
parallel to the variable attenuator (50 Ω), resulting in a 25 Ω load on port 2 and 50 Ω load 
on port 3. The same test was completed with a 50 Ω load on port 3 and 25 Ω load on port 
2, which is seen in Figure 55. Finally, a 25 Ω load was placed on both ports.  
This mismatched load is more extreme then what is normally experienced with 
the body coil. As explained in the requirements section, 1.3, often the load sees a 
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mismatch around 35-40 Ω. The hybrid results will demonstrate how well the hybrid can 
handle an extreme case of a mismatched load. 
Each hybrid design will also be connected to the body coil to observe its response 
to the various phantom loaders. The hybrid designs will also be connected to the variable 
attenuator and variable load. All the results will be compared in section 5.4. 
 
Figure 55: Variable load block diagram with 50 Ω load 
 
 
 
5.1.4 The Original 3-port Branchline Hybrid 
 
The original design of the hybrid is 3 ports, with the load integrated into the 
design, as shown in Figure 56. Figure 56 includes the variable attenuator set up described 
69 
 
in section 5.1.3. The λ/8 hybrid design replaced this design. This hybrid also meets all of 
the requirements.  
Figure 56: Original 3 port branchline hybrid 
 
 
 The original branchline hybrid was attached to the body coil to observe its 
response to the various phantom loaders. As shown in Table 15, the branchline hybrid 
experiences a large amount of reflection at port 1.  
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Table 15: Original branchline hybrid's response to phantom loaders 
 empty short long head 
S11 -2.1 -2.09 -2.23 -2.1 
 
 
5.2 Characterization of the Printed Lumped Element Board 
The dimensions of the lumped element board are 23 x 26 cm. Table 4 provides the 
component values for an idealized layout, where the microstrip performance is not 
considered in the simulation results, and a microstrip design. Table 16 summarizes the 
realized lumped element component values. The realized lumped element values produce 
comparable simulation results (Figure 57 and Figure 58) as the idealized values. In the 
package we are using, 135 pF is not a valid capacitor. Therefore, two capacitors in 
parallel were used to achieve 135 pF, as can be seen by C2 and C3 or C6 and C7. Figure 
59 shows the component layout of the lumped element design with the realized 
components. 
The lumped element design was connected to a network analyzer to observe 
results, as shown in Figure 60. Table 17 and Table 18 summarize the response of the 
lumped element board design. The design does not appear to have a perfect division of 
output power: S21 is less than -4dB while S31 is approximately -3 dB. The phase 
difference between the two boards is about 90 degrees. The isolation at port 4 does not 
meet our 20dB requirement. Based on the S41 results, the design appears to resonate 
closer to 61 MHz. 
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Table 16: Realized lumped element component values 
Component Realized value Units  
L3, L5 246 nH 
L4 222 nH 
L1, L2, L6, L7 111 nH 
C1, C4, C5, C8 91 pF 
C2, C3, C6, C7 120 + 15 pF 
 
Table 17: Lumped element board response 
  
Requirement 
(dB) Board 1 Board 2 
S11 S11 < -20 -15.2118 -16.0757 
S21 -3 < S21 or 
S31 < -3.75 
-4.2671 -4.91 
S31 -2.998 -2.3375 
S41 S41 < -20 -16.431 -17.65 
 
Table 18: Lumped element output port difference 
  mag (dB) phase (deg) 
S21 -4.2671 -4.91 113.387 122.994 
S31 -2.998 -2.3375 22.919 31.36 
Difference requirement Max <0.2 90 +/- 5 
difference -1.2691 -2.5725 90.468 91.634 
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Figure 57: Simulated realized lumped element design response, 
dB 
 
 
Figure 58: Simulated realized lumped element design response, 
phase 
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Figure 59: Lumped element design with realized components 
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Figure 60: Lumped element design testing set up 
 
 
In an attempt to improve the performance of the lumped element design, the 
inductor values were adjusted first. Table 19 summarizes the modifications made and the 
resulting board performance. Four revisions were created, labeled rev 1 to rev 4. Rev 1 
and 2 used manufactured inductors. Rev 3 and 4 used wound inductors. The wound 
inductors allow the user to adjust the inductance by pulling the windings apart or pushing 
them together. These types of inductors also provide design flexibility for differences in 
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the board manufacturing and part tolerances. Unfortunately, the wound inductors did not 
provide the desired performance.  
Additional simulations were performed with the inductor’s manufacturer’s models 
included in the simulations. Based on these simulations, the performance of the lumped 
element hybrid design (Figure 59) was not optimized. The capacitor values in the 
simulations were adjusted until the optimal performance was found. The value of C2 was 
decreased to 120 pF. This capacitor change was made to the board, resulting in the 
board’s performance meeting most of the magnitude requirements, as seen in Figure 61 to 
Figure 64 for board 1 and Figure 65 to Figure 68 for board 2. The return loss at port 1 and 
isolation at port 4 failed to meet their specific requirements, as summarized in Table 20.  
The boards also needed to be able to meet requirements for the differences 
between the output power and phase difference. Table 21 summarizes the differences 
between the output ports: the design meets the required 90-degree phase difference 
between port 2 and port 3, but it doesn’t meet the required maximum output power 
difference of 0.2 dB at 63.86 MHz. Even though the requirement is a little more lenient at 
+/- 650 kHz (maximum of 0.4 dB difference), the lumped element boards do not meet the 
requirement, as seen in Table 22 and Table 23. Board 1 has a larger difference between 
the output power than board 2. Despite these failed requirements, it was determined that 
the performance was sufficient to continue forward to the variable load investigation of 
the lumped element design. 
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Table 19: Lumped element component variations 
rev Component Change S21 (dB) S31 (dB) S41 (dB) 
phase 
difference 
(deg) 
Requirement -3 < S21 < -3.75 -3 < S31 < -3.75 S41 < -20 90 +/- 5 deg 
orig N/A N/A -4.267 -2.99 -16.43 93 
1 
L1, L2, L6, 
L7 90 -2.33 -4.9 -17.65 91.6 
2 L1, L2,  130 -5.4 -4.2 N/A 55 
  L6, L7 90        N/A 
3 L2 5 turns -3.6 -10.4 -22 N/A 
4 L2 6 turns -6.98 -14.89 -21.5 N/A 
 
Table 20: S-parameter results of final lumped element design (dB) 
 
Requirement 
(dB) 
At CF (63.86 
MHz) 
At 64.51 MHz At 63.21 MHz 
  Board 1  Board 2 Board 1  Board 2 Board 1  Board 2 
S11 S11 < -20 -16.81 -17.449 -16.69 -15.36 -17.02 -17.27 
S21 -3 < S21 or 
S31 < -3.75 
-3.70 -3.35 -3.41 -3.11 -3.17 -3.43 
S31 -3.25 -3.59 -3.61 -4.02 -3.78 -3.45 
S41 S41 < -20 -19.63 -17.92 -17.24 -18.12 -17.95 -20.24 
 
Table 21: Differences between output ports on lumped element design at CF (63.86 MHz) 
  magnitude (dB) phase (degree) 
 Board 1  Board 2 Board 1  Board 2 
S21 -3.70 -3.35 101.54 103.63 
S31 -3.25 -3.59 12.89 16.38 
Difference requirement  Max <0.2  90 +/- 5  
Difference 0.445 0.237 88.647 87.25 
 
Table 22: Differences between output ports on lumped element design at 64.51 MHz 
  magnitude (dB) phase (degree) 
 Board 1  Board 2 Board 1  Board 2 
S21 -3.41 -3.11 106.87 104.75 
S31 -3.61 -4.02 19.46 16.27 
Difference requirement  Max <0.4  90 +/- 5  
Difference 0.2 0.91 87.41 88.48 
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Table 23: Differences between output ports on lumped element design at 63.21 MHz 
  magnitude (dB) phase (degree) 
 Board 1  Board 2 Board 1  Board 2 
S21 -3.17 -3.43 109.65 107.49 
S31 -3.78 -3.45 19.46 19.02 
Difference requirement  Max <0.4  90 +/- 5  
Difference 0.61 0.02 90.19 88.47 
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Figure 61: S11 lumped element hybrid performance (dB) with 
C2 = 120 pF, board 1 
 
 
Figure 62: S21 and S31 lumped element hybrid performance 
(dB) with C2 = 120 pF, board 1 
 
 
 
79 
 
Figure 63: S41 lumped element hybrid performance (dB) with 
C2 = 120 pF, board 1 
 
 
Figure 64: S21 and S31 lumped element hybrid performance 
(degree) with C2 = 120 pF, board 1 
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Figure 65: S11 lumped element hybrid performance (dB) with 
C2 = 120 pF, board 2 
 
Figure 66: S21 and S31 lumped element hybrid performance 
(dB) with C2 = 120 pF, board 2 
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Figure 67: S41 lumped element hybrid performance (dB) with 
C2 = 120 pF, board 2 
 
 
Figure 68: S21 and S31 lumped element hybrid performance 
(degree) with C2 = 120 pF, board 2 
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5.3 Characterization of the Printed Meandering Line Board 
Two meander line design boards were manufactured (Figure 69), and both boards 
were evaluated. The dimensions of the PCB board are 35.5 cm x 35 cm. This is larger 
than the actual design to allow for access to the various ports. The results are summarized 
Table 24. Both boards successfully pass the power outputs and isolation requirements. 
Figure 70 - Figure 73 also show these results. The performance of this hybrid design is 
better than the lumped element design because it successfully meets the performance 
requirements. Unfortunately, it does not meet the size constraint. As well, the difference 
between the power at the two output ports should not exceed 0.2 dB, which these boards 
do.  
Figure 69: Manufactured meander board 
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The difference between the output power varies a little bit between boards, as 
seen in the differences in Table 25 - Table 27. Board 2 successfully kept the difference 
between the two ports below the maximum of 0.2 dB at 63.86 MHz, while board 1 was 
not able to meet this requirement. Both boards met the required output power difference 
of 0.4 dB at +/- 650 kHz. The boards were able to meet the output phase difference of 90 
degree +/- 3 degrees in all cases. In summary, the meander line design is able to meet all 
of the requirements, except in one instance. 
The variation between the two boards is minimal due to the lack of components 
that could cause a change of performance between boards. Due to this, only board 1’s 
results will be shown in Figure 70 - Figure 73. 
 
Table 24: Meander line s-parameter performance (dB) 
 At CF (63.86 MHz) At 64.51 MHz At 63.21 MHz 
  Board 1  Board 2 Board 1  Board 2 Board 1  Board 2 
S11 -28.9 -30.27 -29.99 -28.07 -26.43 -29.73 
S21 -2.99 -3.11 -2.97 -3.1 -3.02 -3.13 
S31 -3.26 -3.18 -3.27 -3.19 -3.24 -3.15 
S41 -30.71 -32.67 -33.36 -41.38 -27.1 -27.56 
 
Table 25: Differences between output ports on meander line design at CF (63.86 MHz) 
  magnitude (dB) phase (degree) 
 Board 1  Board 2 Board 1  Board 2 
S21 -2.99 -3.11 -112.61 -111.08 
S31 -3.26 -3.17 157.66 158.74 
Difference requirement Max <0.2 90 +/- 5 
Difference 0.25 0.06 90.27 89.93 
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Table 26: Differences between output ports on meander line design at 64.51 MHz 
  magnitude (dB) phase (degree) 
 Board 1  Board 2 Board 1  Board 2 
S21 -2.97 -3.1 -109.72 -111.37 
S31 -3.27 -3.19 160.07 158.49 
Difference requirement Max <0.4 90 +/- 5 
Difference 0.3 0.09 89.79 89.86 
 
Table 27: Differences between output ports on meander line design at 63.21 MHz 
  magnitude (dB) phase (degree) 
 Board 1  Board 2 Board 1  Board 2 
S21 -3.02 -3.13 -108.65 -110.2 
S31 -3.24 -3.15 161.12 159.61 
Difference requirement Max <0.4 90 +/- 5 
Difference 0.22 0.02 89.77 89.61 
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Figure 70: S11 meander board response, amplitude 
 
 
 
Figure 71: S21 and S31 meander board response, amplitude 
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Figure 72: S21 and S31 meander board response, phase  
 
 
Figure 73: S41 meander board response, amplitude 
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5.4 Hybrid Performances 
To determine the feasibility of using the new designs for the hybrid design, the 
performances of all the hybrids needs to be understood based on the effectiveness of 
working with the body coil. The body coil is not a perfect 50 Ω load and the ports are 
mismatched. The hybrid was designed with a fourth port as a load, therefore the power 
returning to the hybrid from the body coil should be returning to this port. By comparing 
the results of the various designs, it can be determined which design is most tolerant of 
the body coil’s varying coupling and mismatched load condition. 
 
5.4.1 Response to the Phantom Loaders 
 
5.4.1.1 Set up 
 
As mentioned earlier, the various hybrids were connected to the body coil with 
different phantom loader inside the body coil. Figure 48 is a block diagram of the set up: 
The hybrid is connected to the network analyzer. The output ports of the hybrid are 
connected to the 2 ports on the body coil. A phantom loader is placed inside of the body 
coil to mimic a human, creating similar loading conditions on the body coil. Figure 74 
shows the lumped element hybrid design connected to the body coil with the short loader 
inside the body coil, which is inside the gradient coil. 
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Figure 74: Lumped element hybrid connected to a body coil with a short loader installed 
 
 
5.4.1.2 Results 
 
The response of each hybrid will be based on how well it can handle the loading 
of the body coil when various phantom loaders are placed inside of it. The dimensions of 
the three phantom loaders is in Table 28. The most extreme case would be with an empty 
body coil because the hybrid would experience the most reflection. The most power is 
transferred when the long loader is in the body coil. The long loader is the closest to a 
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match load. Table 29 and Figure 75 compare the responses of the various hybrid designs 
with a short loader inside the body coil. The other loading options will be compared later. 
Table 28: Phantom loader dimensions 
Phantom loader Dimensions (cm) 
Head 24 x 21 
Short 34 x 28 
Long 61.5 x 34.5 
 
Table 29: Comparison of short loader results for different hybrids 
 Body coil λ/8 
Original 
branchline 
hybrid 
Lumped 
element design, 
board 1 
Lumped 
element design, 
board 2 
Meander 
design, 
board 1 
Meander 
design, 
board 2 
S11 -8.89 -2.756 -2.09 -5.65 -6.41 -6.92 -7.26 
S14 -9.46 -20.71 N/A -12.64 -12.46 -10.3 -10.09 
S44 -4.74 -5.193 N/A -4.38 -4.38 -5.29 -5.62 
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Figure 75: Response of the hybrid with the short loader in the body coil 
 
The λ/8 hybrid design is the redesigned 127.72 MHz hybrid that had limited 
success when connected to the body coil. By comparing the response of this design to the 
new designs, it can be determined if the new designs have improved on it. When looking 
at Table 29 and Figure 75, it can be observed by the S11 response that the λ/8 hybrid has 
either a mismatch, a large reflection, or both at port 1. The original branchline hybrid had 
similar degraded performance. Both designs had more mismatch or reflection at this port 
compared to the other designs. Therefore, the new designs performed better than the λ/8 
hybrid or original branchline hybrid design. 
Even though the second port of the body coil is damaged, the response at S44 can 
still be used to understand the response of the hybrids in this extreme case. 
If the hybrid is working as designed, most of the reflected power should be at port 
4, appearing as a relatively large number at S41 or S14. But the λ/8 hybrid has less power 
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at this port compared to the other hybrid designs. The other hybrid designs appear to do a 
better job of diverting the reflected power back to the load. 
The hybrid designs were tested with an empty body coil and the other two 
phantom loaders. Figure 76- Figure 78 illustrate these results. Full results are in the 
Appendix C, Table 47 - Table 52. Again, the λ/8 hybrid does not perform as well as the 
other hybrid designs: The response is the same as the short loader, though slightly 
improved for these other three versions. Limited power is reflected back to the load at 
port 4 since the power is small at S14. This is the most pronounced with the short loader, 
followed by the long loader.  
In all cases, there appears to be a mismatch or large reflection at port 1 for the λ/8 
hybrid and the original branchline hybrid. Again, this performance is similar across the 
other three variations. It is slightly improved, though, for the long loader. The new hybrid 
designs have less mismatch or reflection at this port. At port 4, all the hybrids exhibit a 
similar performance. The meander line appears to be slightly better or exhibits slightly 
less reflection or mismatch at port 1 or 4. Based on the hybrids’ performances at port 1 
and S14, it can be determined that the new designs are able to handle the body coil’s 
variable load better than the λ/8 hybrid and the original branchline hybrid. 
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Figure 76: Response of hybrid to the empty body coil 
 
Figure 77: Response of the hybrid with the long loader in the body coil 
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Figure 78: Response of the hybrid with the head loader in the body coil 
 
 
5.4.1.3 Summary 
 
 In summary, the response of the different hybrid designs was similar for each of 
the different loading conditions. The original branchline and λ/8 hybrids did not perform 
well when attached to the load from the body coil. Both designs exhibited alarge amount 
of reflected power. The λ/8 hybrid did not reflect a lot of the power back to the load port. 
On the other hand, the new hybrid designs performed well in this loading condition. The 
meander line design exhibited less reflection at S11 and S22 compared to the other 
designs, as well as the most power reflected back to the load port. The meander line 
design performed the best during this test. 
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5.4.2 Response to the Variable Attenuator 
 
The hybrid designs were attached to the variable attenuator, as described in 
section 5.1.3. The results of the different designs were compared to determine if the new 
designs were more tolerant of the body coil’s coupling between ports and the variable 
load. For a block diagram of the setup of the variable attenuator and other components 
with the hybrid design, please refer to Figure 53- Figure 55. For the variable attenuator 
characterization, please refer to Appendix A.  
Each hybrid design will be evaluated based on its overall response to the variable 
attenuator. Once each hybrid’s performance to a variable load is determined, all of the 
hybrids will be compared in section 6. For a S-parameter comparison of all of the hybrids 
as a group under a specific load condition, please refer to Appendix B, Figure 99- Figure 
110. The information in Appendix B is the same information that will be provided in this 
section, but organized differently. 
Additionally, since the body coil is replicated with approximately 15 -20 dB of 
attenuation, comments will refer to the results at 20 dB unless otherwise noted. 
 
5.4.2.1 Response of the original branchline hybrid to the variable attenuator 
 
 Since this particular branchline design only has 3 ports, we are only able to 
review the isolation performance of this hybrid. Figure 79 summarizes the results of the 
original branchline hybrid design. The only variation in which we reach our desired 20 
dB of isolation at this port is when port 2 is mismatched. The other 3 approaches are not 
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able to reach the desired isolation at this port. This design experiences the most reflection 
when port 3 was mismatched. If both ports were mismatched or only the variable 
attenuator was used, the response was similar. Based on these responses, the original 
branchline hybrid design is not able to handle a mismatched load. 
 
Figure 79: S11 response of original branchline hybrid with a variable attenuator 
 
 
5.4.2.2 Response of the λ/8 hybrid to the variable attenuator 
 
The λ/8 hybrid design is able to meet the required 20 dB of isolation at port 1 
when both ports are mismatched or only the variable attenuator is used, as seen in Figure 
80. In this situation, a limited amount of power is being reflected back to the amplifier at 
port 1. When the mismatch is on either port 2 or port 3, the design is close to meeting the 
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isolation requirement. The results are also consistent: no matter which port sees the 
mismatch; the hybrid is able to reflect the same amount of power back to port 4. 
The isolation at port 4 is shown in Figure 82. The results are very similar to those 
in Figure 80. The amount of reflected power when either of the output ports sees a 
mismatch is not as consistent as the response at port 1. 
The amount of power being reflected back to port 4 can be determined by looking 
at the results in Figure 81. In Figure 81, there is a large amount of power reflected back 
when both ports are matched. When either port 2 or port 3 has the 25 Ω load, there is fair 
amount of reflection seen in the S41 response in Figure 81. The last situation to consider 
is when only the variable attenuator is used. There appears to be almost no reflection. 
This contradicts one of the functions of a hybrid: to reflect the power back to the load 
port. It is possible that the low reflection is due to phase cancelation, making it appear 
that less power is being reflected back to the load. 
Overall, the λ/8 design is able to withstand the mismatch in most circumstances. It 
exhibits a good amount of reflection back to port 4 and good isolation at port 1. The 
hybrid also exhibits consistent reflection when either of the output ports sees a mismatch.  
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Figure 80: S11 response of the λ/8 design hybrid with a variable attenuator 
 
 
Figure 81: S41 response of the λ/8 design hybrid with a variable attenuator 
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Figure 82: S44 response of the λ/8 design hybrid with a variable attenuator 
 
 
5.4.2.3 Response of the meander design hybrid to the variable attenuator 
 
  The meander line design was connected to a variable load like the previous 
designs. Figure 83 - Figure 85 summarize the meander line design’s response. Both 
boards exhibited similar results, so only board 1’s results are presented in this section. 
The extended results of both meander line design boards can be found in the Appendix B,  
Table 42 and Table 43.  
In Figure 83, we observe that this design exhibits good isolation at port 1 when 
either both ports see 25 Ω or only the variable attenuator is being tested. When port 3 
sees 25 Ω, we get close to our 20 dB of isolation. On the other hand, when port 2 sees 25 
Ω, we are only have approximately 14 dB of isolation. Compared to the λ/8 design, there 
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is less consistency in the response when either of the output ports is mismatched. Overall, 
the meander design is able to provide good isolation as long as port 2 is matched. 
 
Figure 83: S11 performance of meander line with a variable attenuator 
 
 
 As mentioned previously, one of the goals of the power divider is to divert the 
reflected power back to port 4. We can see in Figure 84 that the S41 response is similar to 
the response we saw with the λ/8 design. When both ports see 25 Ω, we observe the most 
reflection. This variation has the most power returning to the load at port 4. The opposite 
occurs when only the variable attenuator is used: there is little to no power being 
reflected back to port 4 because we observed no reflection in this case. Again, this could 
be due to phase cancelation, creating a response on the network analyzer that is 
uncharacteristically low. 
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 We can see that the performance at port 4 in Figure 85 was almost identical to the 
performance at port 1 in Figure 83, except that the response for port 3 25 Ω and port 2 25 
Ω are flipped.  
 The meander line design performed well when a variable load was attached to it. 
The meander line design exhibits good isolation at port 1, except when port 2 is 
mismatched. The hybrid also reflected power back to the load. 
 
Figure 84: S41 performance of meander line to variable attenuator 
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Figure 85: S44 performance of meander line to variable attenuator 
 
 
 
5.4.2.4 Response of the lumped element design hybrid to the variable attenuator 
 
The lumped element hybrid design was also connected to a variable attenuator. 
The results from both boards will be shared because the results showed some variance 
between the two boards. This variation can be assumed to be due to the variance of each 
component. Figure 87 - Figure 92 present the results in this section. The extended results 
can be found in Appendix B, Table 40 and Table 41. Figure 86 is an image of our lumped 
element board set up with the variable attenuator and network analyzer. 
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Figure 86: Lumped element hybrid connected to a variable load and network analyzer 
 
  
The lumped element design was finalized with the understanding that the design 
was not meeting all of the requirements, especially isolation at port 4 and return loss at 
port 1. This was also evident in the S11 and S44 performance for both boards in the graphs 
below (Figure 87, Figure 88, Figure 91, and Figure 92).  
 The S11 response for both boards is summarized in Figure 87 and Figure 88. The 
only variation in which the lumped element design passes the return loss requirement at 
port 1 was when port 3 sees 25 Ω. When only the variable attenuator was used and both 
ports see 25 Ω, there was a decent amount of return loss, but they do not meet the 
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required 20 dB. The most reflection was seen when port 2 is mismatched. This reflection 
at port 2 was consistently seen with the previous hybrid designs as well. 
The amount of power reflected back to port 4 for the lumped element design can 
be determined from Figure 89 and Figure 90. In both cases, the most power being 
reflected to port 4 was when both output ports were mismatched. Just like with the λ/8 
design, the lumped element design exhibited consistent output power when either output 
ports were mismatched, reflecting a good amount of power back to the load. There does 
not appear to be a phase cancelation when only the variable attenuator was used, as was 
seen in the other designs. The lumped element performance with only the variable 
attenuator was closer to what one would expect from these designs. 
 
Figure 87: S11 performance of lumped element hybrid, board 1 
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Figure 88: S11 performance of lumped element hybrid, board 2 
 
   
 The lumped element design exhibited similar performance as the other two 
designs, but with degraded performance. Specifically, it was unable to meet the basic 
requirements even when only the variable attenuator was attached to the output ports.  
The performance did not drastically improve when both ports were mismatched. The 
lumped element design was only able to meet the requirements when one of the output 
ports was matched. The lumped element design would not be able to handle the 
mismatched loads we would anticipate the hybrids seeing when connected to the larger 
system. 
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Figure 89: S41 performance of lumped element hybrid, board 1 
 
Figure 90: S41 performance of lumped element hybrid, board 2 
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Figure 91: S44 performance of lumped element hybrid, board 1 
 
 
 
Figure 92: S44 performance of lumped element hybrid, board 2 
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6. CONCLUSION AND SUGGESTIONS FOR FUTURE WORK 
 
6.1 Summary of Phantom Loader and Variable Attenuator Results 
 
Two new power divider designs were evaluated against the original λ/8 power 
divider design to determine if the new designs were able to handle the variable load and 
coupling better than the original design. Table 30 summarizes how well each power 
divider design performed for the basic requirements, as outlined in section 1.3. Based on 
the results from Table 30, it is obvious that the lumped element design is not acceptable. 
It is unable to meet many of the basic requirements, such as the power division, return 
loss, and isolation. On the other hand, the meander line design only fails at fitting within 
our size constraint. But these results are not the only results that need to be reviewed in 
order to determine which design is the best for our particular situation. The design also 
needs to be evaluated based on its response to the variable load and body coil coupling.  
Overall, the new power divider designs performed well when attached to the body 
coil with the different phantom loaders, outperforming the original branchline hybrid and 
the λ/8 power divider design, as shown in section 5.4.1. The two extreme cases are the 
empty body coil and the long loader. In both of these cases, the meander line had less 
reflection for S11 than the lumped element design. For S41, we saw more power being 
reflected back to the load at port 4 with the meander line design, as compared to the 
lumped element design. Based on this, the meander line design is the most flexible in 
handling the various phantom loaders inside the body coil. 
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Table 30: Requirements vs response comparison of three power divider designs 
 
 
Finally, the results from the variable attenuator and mismatched load need to be 
considered. The results at 20 dB of attenuation are summarized in Appendix B, Table 44 
and Table 45. The lumped element design was unable to meet the basics performance 
requirements mentioned earlier, which resulted in the design failing to meet the same 
requirements when a variable attenuator and mismatched load were attached to the 
hybrid. Both lumped element boards performed well when both ports saw 25 Ω, but did 
Test Requirement Lumped Meander λ/8 
Size constraint max 26.5 cm x 23 cm  X  X 
Even power division 
-3 to -3.75 dB  
X X X 
Even power dissipation at +/- 
650 kHz   X X 
Difference between output 
power at CF max 0.2 dB   X X 
Difference between output 
power +/- 650 kHz max 0.4 dB   X X 
90 deg phase shift 90 +/- 3 deg X X X 
Good isolation (port 4) S41 < -20 dB   X X 
At +/- 650 kHz S41 < -20 dB   X X 
Good return loss (port 1) S11 < -20 dB    X X 
At +/- 650 kHz S11 < -20 dB    X X 
Handle a variable load 35-40 Ω  X X 
Handle an asymmetrical load Difference max 25 Ω  X X 
Good performance with 
phantom loaders 
Limited reflection at 
port 1, power 
reflected to port 4 x x  
Cost 
Minimal impact to 
system X  X 
Non-magnetic  X X X 
Complexity of implementation 
(consistency of results)   X  
Heating implication 
Needs to withstand 16 
kW of peak power   X X 
Total  6 15 15 
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not perform well in the other situations. The λ/8 design also performed well when both 
ports saw 25 Ω. It also performed well when only the variable attenuator was used. It had 
consistent results no matter which output port was mismatched. Finally, the meander line 
performed well in the same situations as the λ/8 design. When either port 3 or port 2 saw 
the 25 Ω mismatch, the meander line outperformed the λ/8 design by a 1- 4 dB 
improvement. The meander line design didn’t have the consistent response we observed 
on the λ/8 design when the mismatched load occurred at either port 2 or port 3. The 
meander line design performed the best in a mismatched load situation. 
 
6.2 Summary of Other Results 
 
As outlined in the requirements section, the new hybrid design must also meet 
certain power requirements. In section 5, the basic power results were summarized for the 
different hybrids. The lumped element failed to meet the power requirements, while the 
meander line and λ/8 successfully met these requirements. All of the design were able to  
provide the needed 90 degree phase shift between the output ports. 
 The two designs to meet the size constraint are the lumped element design and 
λ/8. The cost of implementing the lumped element design and λ/8 are minimal since the 
design of the system will not have to change. Unfortnently, further work will have to be 
completed on the lumped element design to make the design work, resulting in the 
additional cost of the manufacturering boards. 
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The meander line design does not fit within the size constraint, but modifications 
to allow this design to fit within the size constraint are provided in the next section. These 
modifications would require the design to be manufacturered and tested again. This cost 
would be assumed to be similar to the additional lumped element manufactured board 
cost. On the other hand, in order to implement the current too-large design, the system 
design would have to be updated to allow for the larger meadner line design, resulting in 
added cost. 
 All designs work within the magnetic field. 
 The lumped element design contains components that can only withstand a 
specific amount of power. There is the potential for the components to burn up if the 
power exceeds their ratings or the cooling of the boards is not sufficient. The meander 
line design does not have any components, so the heating of this design is not a concern. 
The λ/8 design contains capacitors, but is designed to be able to withstand 16 kW of 
power. 
 
6.3 Recommendations for Choosen Hybrid Design 
 
 The λ/8 design meets the most requirements listed in Table 30, except that it had 
poor performance with the phantom loaders. The meander line performs the best with the 
phantom loaders, variable attenuator, and mismatched load. It is able to meet all of the 
power requirements, as listed in Table 30, except the size constraint. Additional steps can 
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be taken to overcome this hurdle. It is recommended to move forward with the meander 
line design because it performs comparably, if not better, than the λ/8 design. 
Further steps can be taken for this design to meet the size constraint. Each 
approach has a specific cost associated with it and should be considered when deciding 
which one to take. In the current design, the same Rogers board material was used for the 
lumped element and meander line design boards. If the dielectric constant of the board 
could be increased from 3.66 to 5, the size of the board could be decreased. Specifically, 
the length of the quadrature hybrid 50 Ω trace would decrease from about 690 mm to 608 
mm. In the past, issues occurred when attempting to use dielectric constants of 9-10. It is 
proposed to use a dielectric constant 1 or 2 more greater than the current design to allow 
for the minimal shrinking that the design needs in order to meet the size constraint. This 
would also reduce the manufacturability tolerance concern. Another option would be to 
create a two-layer board, allowing for the extra needed room. 
 Alternatively, a combination of the lumped element and meander line board could 
be designed. This design would be similar to the current λ/8 power divider design. The 
current board has ample room to allow for meandering the length of transmission line. It 
was attempted to meander the original 127.72 MHz λ/8 power divider design without 
much success. But, based on the lessons learned during this investigation, combining the 
lumped element components with the meander line could prove successful.  
 
6.4 Recommendations for Future Work 
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 The meander line and lumped element designs could be improved upon if another 
revision of the designs were created. In the next revision of the meadner line board, a 
larger dielectric constant would be used to confirm the performance of the meander line.  
 The lumped element’s poor performance was probably due to the length of the 
microstrip. For the next revision of the lumped element board, the length of the 
microstrip lines would be optimized while including the manufacture’s component 
models for each of the components. There was a noticeable difference between the 
simulations when the manufacturer’s models where included. Therefore, it is critical that 
the manufacturer’s models be used instead of ADS’s idealized components. This 
optimization process should have been completed before the first revision of the board 
was manufactured, but will now ensure the success of the next revision of the design. 
Likewise, the sharp corners in the lumped element design should be replaced with 
rounded or mitered (angled) corners. An investigation would be performed to determine 
if there was a noticeable difference between the two. This information would also provide 
direction for the meander line design, which currently uses angled corners.  
Another revision of the lumped element design would be created to attempt to use 
only one box, or the more traditional lumped element design (Figure 14) to determine if 
the design would meet more of our result, as compared to the double box design. 
According to the research, the double box is supposed to provide a larger bandwidth. It 
would be interesting to compare the single box, traditional lumped element results to the 
results from the second revision of the current lumped element design. Does one design 
perform better with the variable load or body coil? Or does one of the designs meet all of 
the basic requirements while the other design does not? 
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APPENDIX A: Variable Attenuator Characteristics 
 
The variable attenuator was characterized. The results are below. 
Table 31: Characterization of variable attenuator, dB 
Variable attenuator 0 att att (5) att (10) 
Att (0) + 
6 dB 
att (5) + 
6 
att (10) 
+ 6 
Att (0) + 
12 
att (5) 
+12 
att (10) 
+12 
Total attenuation 0 5 10 6 11 16 12 17 22 
S11 
dB 
  
straight connections 
  
  
-31.4 -25.4 -24.2 -22.8 -23.23 -22.4 -22.46 -22.67 -22.2 
S21 -0.07 -5.1 -6.1 -10.05 -11.14 -12.15 -16.07 -17.1 -22.05 
S22 -27 -24.4 -23.4 -22.4 -22.35 -22.1 -21.89 -21.8 -21.8 
S11 
dB 
  
port 1 25 Ω 
  
  
-8.9 -8.4 -8.3 -8.2 -8.23 -8.17 -8.16 -8.17 -8.1 
S21 -4.11 -8.9 -9.96 -13.86 -14.96 -15.9 -19.8 -20.92 -25.8 
S22 -8.6 -15.4 -16.04 -19.06 -19.5 -20.33 -20.84 -21.3 -21.7 
S11 dB 
  
  
port 2 25Ω 
  
  
-8.7 -15.6 -16.4 -19.47 -20.3 -20.17 -21.5 -21.9 -22.02 
S21 -4.08 -8.9 -9.8 -13.8 -14.85 -15.9 -19.8 -20.9 -25.83 
S22 -8.7 -8.35 -8.35 -8.17 -8.28 -8.15 -8.17 -8.1 -8.1 
S11 dB 
  
  
both ports 25 Ω 
  
  
-5.6 -7.39 -7.5 -7.9 -8 -8 -8.1 -8.1 -8.1 
S21 -6.9 -12.47 -13.5 -17.5 -18.6 -19.6 -23.5 -24.7 -29.58 
S22 -5.7 -7.38 -7.5 -7.86 -7.9 -8.01 -8.06 -8.09 -8.13 
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Table 32: Characterization of variable attenuator, phase (deg) 
Variable attenuator 0 att att (5) att (10) 
att(0) + 
6 dB 
att (5) + 
6 
att (10) 
+ 6 
att(0) + 
12 
att (5) 
+12 
att (10) 
+12 
Total attenuation 0 5 10 6 11 16 12 17 22 
S11 
phase (deg) 
  straight connections 
0 5 10 6 11 16 12 17 22 
S21 -58 0.8 8.5 1.5 9.5 11.1 5.21 10.2 11.1 
S22 146.05 145.5 145.8 140.8 140.3 140.7 135.5 135.1 135.6 
S11 phase (deg) 
  
  port 1 25 Ω 
-42 7.6 7.8 7.11 9.9 10.1 10.3 10.5 10.4 
S21 26.6 27.1 27.1 26.6 27.1 27.07 26.6 27.1 27.1 
S22 143.3 142.6 142.8 137.7 137.2 137.5 132.3 132 132.3 
S11 phase (deg) 
  
  port 2 25Ω 
13.9 12.6 12 7.76 9.4 10 7.7 9.6 10.4 
S21 26.4 26.8 26.8 26.37 26.7 26.75 26.2 26.6 26.7 
S22 143.4 142.5 142.7 137.6 137.17 137.5 132.2 131.9 132.2 
S11 phase (deg) 
  
  both ports 25 Ω 
14 12.6 11.7 7.7 9.4 10.3 7.9 9.9 10.6 
S21 20.5 24.9 26.4 24.1 26.3 26.8 25.7 26.8 27 
S22 139.2 140.7 141.56 135.7 135.9 136.4 131.1 130.9 131.4 
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The data provided in Table 31 and Table 32 is summarized in Figure 94 - Figure 
96. The setup of the variable attenuator is explained in section 5.1.3. Figure 93 is a block 
diagram of the variable attenuator characterization set up. The data collected confirms 
that the intended mismatch with the 50 Ω load on port 1, port 2 or both appears as a 
mismatch at the intended ports.  
Figure 93: Block diagram of variable attenuator characterization 
 
 
 Figure 94 is a summary of the reflection response at port 1 with the various 
loading options. As expected, the “straight connections” option has no reflection. This 
option does not see any mismatches at the ports; it behaves as if there was only a cable 
connecting port 1 to port 2. The other options do behave as though they see a mismatch: 
When a 50 Ω load is placed on port 1, causing the port to see 25 Ω, there is a large 
reflection due to the mismatch. This can also be seen in the option with both ports at 
25Ω: this option exhibits a large mismatch like the previous option. Finally, the option 
with 25 Ω at port 2 sees a mismatch at first, but as we increase the attenuation with the 
variable attenuator and fixed attenuators, this port begins to behave as though it doesn’t 
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see the mismatch at port 1. Therefore, the mismatched loads and variable attenuator are 
working as expected at port 1. 
 
Figure 94: S11 response of variable attenuator 
 
 
 The response of the variable attenuator at port 2 is the mirror image of port 1. As 
seen in Figure 95, there is a large mismatch when port 2 sees 25 Ω. Similarly, there is a 
mismatch when both ports see 25 Ω. Lastly, just as we saw with port 2 in Figure 94, so it 
is in Figure 95: as we increase the attenuation, port 1 no longer sees the mismatch at port 
2 and begins to act like the ports are matched. 
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Figure 95: S22 response of variable attenuator 
 
 
The performance seen in Figure 96 for S21 is as predicted. As we increase our 
attenuation, we would expect to see this reflected in the response of the variable 
attenuator’s performance. This is the case for the “straight connectors” data. As shown in 
Figure 53, the variable attenuator is the only acting force on the signal. 
If we look at the “port 2 25 Ω” response, the response starts at -3.6 dB and 
continues to decrease at a fairly steady rate. (Note that the “port 1 25 Ω” response is not 
visible in Figure 96 because it is the same as port 2.) By observing the path the signal 
would travel in Figure 97, we can determine that the port’s response is accurate: Half of 
the signal will travel into the load and the other half continues to the variable attenuator 
and to the other port. Thus, we see half power, or -3 dB, when the variable attenuator is 
set for 0 dB. As we increase the attention with the variable attenuator, we see the 
response decrease like it did for the “straight connectors”. 
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When there is a load on both ports, the response is decreased by an additional 3 
dB, as seen in “both ports 25 Ω”. As seen in Figure 96, the power will divide again once 
it reaches the second 50 Ω load at port 2, thus 1/3 of the power that entered at port 1 
arrives at port 2. Additionally, the reflection coefficient can be calculated as the 
following: 
𝛤 =  
25 
75
=  
1
3
       (28) 
 
Therefore, the starting response of -6 dB in Figure 96 is as expected. 
 
 
Figure 96: S21 response of variable attenuator 
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Figure 97: Block diagram of variable attenuator with a 50 Ω load at port 1 
 
 
Figure 98: Block diagram of the variable attenuator with a 50 Ω load at both port 1 and 
port 2 
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 The variable attenuator was also characterized with the cable lengths from port 2 
and port 3 of the hybrid to the variable attenuator at different phase lengths. Table 33 and 
Table 34 summarize the results. 
 
Table 33: Variable attenuator characterization with different length cables, dB 
  attenuation (dB) 0 5 10 15 20 
port 3 25 Ω 
  
  
11 -10.19 -19.69 -26.7 -31.3 -31.22 
41 -4.2 -9.19 -13.13 -19.17 -24.2 
44 -8.22 -8.17 -8.16 -8.11 -8.1 
both ports 25 Ω 
  
  
11 -6.63 -8.62 -9.23 -9.51 -9.5 
41 -7.01 -12.5 -17.58 -22.68 -27.7 
44 -5.38 -7.2 -7.75 -7.95 -8.01 
port 2 25 Ω 
  
  
11 -10.38 -9.83 -9.63 -9.63 -9.52 
41 -7.17 -8.96 -13.83 -18.83 -23.86 
44 -8.12 -14.95 -18.63 -20.4 -21.13 
only the variable 
attenuator 
  
  
11 -22.5 -30.6 -33.21 -33.8 -33 
41 -0.26 -5.28 -10.2 -15.25 -20.3 
44 -22.51 -22.25 -21.4 -21.4 -21.36 
 
Table 34: Variable attenuator characterization with different length cables, phase 
  attenuation (deg) 0 5 10 15 20 
port 3 25 Ω 
  
  
11 87.2 79.7 65.5 39 43.1 
41 -178.3 -178.55 -178.1 176.6 171.3 
44 27.2 27.7 27.67 27.8 27.8 
both ports 25 Ω 
  
  
11 96.7 102.2 103.9 104.5 104.5 
41 177.8 179.5 -179.7 175.1 169.8 
44 21 23.9 24.66 24.9 25 
port 2 25 Ω 
  
  
11 104.4 104.8 104.77 104.86 104.8 
41 -177.68 -178.6 -178.4 176.28 170.9 
44 14.7 13.1 12.2 10.6 10.4 
only the variable 
attenuator 
  
  
11 -45.6 23.3 14.8 19.6 43.9 
41 -175.19 -175.6 -175.3 179.4 174.1 
44 0 8 9.5 10.2 9.6 
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 The hybrids were also evaluated with the same mismatched cables. The responses 
are below, in Table 35 - Table 38. The hybrids were evaluated on a smaller scale. 
Table 35: Original branchline response with different length cables 
  attenuation (dB) 0 5 10 15 20 
port 3 25 Ω 11 -2.88 -6.32 -8.38 -9.76 -10.44 
both ports 25 Ω 11 -3.4 -6.7 -8.66 -9.95 -10.66 
port 2 25 Ω 11 -2.16 -6.29 -9.6 -12.32 -14.19 
only the variable 
attenuator 11 -1.1 -5.45 -9.2 -12.54 -14.71 
 
Table 36: λ/8 response with different length cables 
 
attenuation (dB) 0 5 10 15 20 
 port 3 25 Ω 
  
  
11 -3.12 -7.33 -10.35 -12.69 -14.04 
41 -10.65 -12.16 -12.48 -12.57 -12.55 
44 -8.46 -14.9 -19.8 -18.52 -16.74 
both ports 25 Ω 
  
  
11 -3.68 -7.6 -10.17 -12.02 -13.15 
41 -8.3 -10 -10.47 -10.66 -10.65 
44 -20.01 -26.5 -17.7 -14.9 -13.63 
port 2 25 Ω 
  
  
11 -2.28 -6.71 -10.35 -13.2 -15.05 
41 -12.4 -14.87 -15.25 -15.46 -15.3 
44 -9.87 -16.06 -20.34 -18.83 -16.6 
only the variable 
attenuator 
  
  
11 -1.03 -6.02 -10.85 -16.02 -21 
41 -16.57 -20.3 -20.6 -20.75 -20.6 
44 -1.06 -6.68 -12.65 -19.6 -30.2 
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Table 37: Lumped element design, board 1 response with different length cables 
 attenuation (dB) 0 5 10 15 20 
port 3 25 Ω 
  
  
11 -2.93 -8.79 -13.91 -19.17 -23.73 
41 -9.44 -11.87 -12.55 -12.79 -12.96 
44 -8.55 -11.87 -11.87 -10.76 -10.19 
both ports 25 Ω 
  
  
11 -3.06 -7.78 -10.9 -13.07 -14.3 
41 -8.72 -11.58 -12.6 -13.06 -13.16 
44 -14.4 -14.08 -12.06 -10.67 -9.97 
port 2 25 Ω 
  
  
11 -2.24 -6.74 -9.96 -11.61 -12.4 
41 -10.43 -16.74 -20.01 -21.57 -22.02 
44 -10.78 -20.98 -24.5 -17.15 -14.66 
only the variable 
attenuator 
  
  
11 -1.7 -7.21 -12.91 -18.15 -20.3 
41 -9.97 -14.08 -15.75 -16.36 -16.82 
44 -1.67 -7.99 -14.5 -17.08 -16.43 
  
 
Table 38: Lumped element design, board 2 response with different length cables 
  attenuation (dB) 0 5 10 15 20 
port 3 25 Ω 
  
  
11 -2.5 -7.8 -12.26 -16.44 -19.71 
41 -11.19 -13.89 -14.35 -14.4 -14.45 
44 -6.93 -9.95 -10.83 -10.4 -10.16 
both ports 25 Ω 
  
  
11 -2.72 -7.15 -10.01 -11.92 -13.02 
41 -9.61 -12.46 -13.43 -13.82 -13.89 
44 -12.61 -14.25 -13.05 -11.75 -11.05 
port 2 25 Ω 
  
  
11 -1.85 -6.2 -9.19 -10.72 -11.45 
41 -12.61 -19.2 -22.08 -23.41 -23.51 
44 -8.61 -15.37 -24.05 -20.79 -17.68 
only the variable 
attenuator 
  
  
11 -1.23 -6.25 -11.44 -15.46 -17.35 
41 -15.03 -18.45 -19.26 -19.28 -19.38 
44 -1.15 -6.37 -11.12 -13.66 -14.57 
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APPENDIX B: Quadrature Hybrid Designs, Response to Variable 
Attenuators 
 
The hybrid designs were attached to a variable attenuator. The following tables 
present the data summarized in Figure 68 - Figure 90. 
 
Table 39: Response of original branchline hybrid design to variable attenuator and 
mismatched loads 
 
Only the variable 
attenuator port 3 25 Ω 
both ports 25 
Ω port 2 25 Ω 
attenuation 
(dB) 11 11 11 11 
0 -1.16 -6.8 -9.51 -5.41 
1 -2.34 -7.77 -10.78 -6.59 
2 -3.54 -8.61 -11.92 -7.8 
3 -4.71 -9.34 -13.01 -9.06 
4 -5.88 -10.01 -14.03 -10.35 
5 -7.02 -10.53 -14.92 -11.66 
6 -8.17 -10.96 -15.71 -13.02 
7 -9.24 -11.3 -16.36 -14.25 
8 -10.41 -11.63 -16.9 -15.75 
9 -11.47 -11.75 -17.32 -17.22 
10 -12.45 -11.88 -17.57 -18.67 
11 -14.13 -12.45 -18.45 -20.17 
12 -15.08 -12.4 -18.48 -21.91 
13 -15.98 -12.42 -18.5 -23.57 
14 -16.87 -12.43 -18.5 -25.56 
15 -17.36 -12.27 -18.34 -27.7 
16 -17.89 -12.25 -18.24 -29.8 
17 -19.07 -12.38 -18.4 -30.25 
18 -19.15 -12.25 -18.24 -31.5 
19 -19.32 -12.22 -18.16 -31.66 
20 -19.43 -12.21 -18.08 -31.7 
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Table 40: Response of lumped element hybrid design to variable attenuator and mismatched loads (Board 1) 
 Only variable attenuator port 3 25 Ω both ports 25 Ω port 2 25 Ω 
attenuation 
(dB) 11 41 44 11 41 44 11 41 44 11 41 44 
0 -1.3 -10.05 -1.36 -5.88 -8.37 -4.33 -7.5 -6.25 -6.9 -4.8 -8.01 -5.6 
1 -2.33 -11 -2.32 -6.86 -9 -5.02 -8.5 -6.69 -7.74 -5.57 -8.6 -6.5 
2 -3.3 -11.83 -3.3 -7.83 -9.5 -5.7 -9.4 -7.03 -8.5 -6.3 -9.16 -7.49 
3 -4.26 -12.55 -4.24 -8.8 -10 -6.31 -10.2 -7.3 -9.26 -6.9 -9.6 -8.4 
4 -5.24 -13.13 -5.2 -9.8 -10.4 -6.88 -11.03 -7.57 -9.95 -7.6 -10 -9.4 
5 -6.17 -13.7 -6.11 -10.86 -10.81 -7.35 -11.7 -7.8 -10.56 -8.15 -10.4 -10.41 
6 -7.12 -14.14 -7.05 -11.92 -11.13 -7.8 -12.44 -7.97 -11.16 -8.6 -10.69 -11.45 
7 -8 -14.4 -7.9 -12.9 -11.28 -8.17 -12.96 -8.07 -11.62 -9.03 -10.84 -12.38 
8 -8.9 -14.6 -8.82 -14.05 -11.39 -8.52 -13.5 -8.12 -12.07 -9.4 -10.9 -13.4 
9 -9.8 -15 -9.6 -15.15 -11.67 -8.77 -13.99 -8.27 -12.48 -9.7 -11.24 -14.49 
10 -10.67 -15.05 -10.4 -16.2 -11.7 -9 -14.35 -8.3 -12.78 -10.02 -11.26 -15.46 
11 -11.28 -15.38 -10.75 -17.64 -11.9 -8.86 -14.37 -8.4 -12.77 -9.88 -11.44 -16.47 
12 -12.05 -15.52 -11.42 -18.85 -12.01 -9.03 -14.69 -8.45 -13.04 -10.1 -11.52 -17.52 
13 -12.7 -15.57 -12.01 -19.96 -12.03 -9.22 -14.87 -8.47 -13.27 -10.25 -11.57 -18.48 
14 -13.38 -15.57 -12.64 -21.25 -12 -9.4 -15.05 -8.46 -13.49 -10.38 -11.57 -19.56 
15 -14.05 -15.75 -13.05 -22.58 -12.16 -9.45 -15.3 -8.5 -13.63 -10.52 -11.68 -20.56 
16 -14.58 -15.71 -13.49 -23.91 -12.13 -9.56 -15.4 -8.5 -13.77 -10.6 -11.67 -21.5 
17 -14.78 -15.86 -13.45 -25.7 -12.23 -9.47 -15.3 -8.56 -13.72 -10.5 -11.76 -22.22 
18 -15.28 -15.84 -13.77 -27.29 -12.28 -9.53 -15.45 -8.58 -13.82 -10.61 -11.78 -23.14 
19 -15.58 -15.92 -14.086 -28.7 -12.25 -9.6 -15.5 -8.57 -13.84 -10.65 -11.77 -24 
20 -15.82 -15.88 -14.43 -30.4 -12.18 -9.74 -15.5 -8.55 -14.07 -10.7 -11.73 -24.95 
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Table 41: Response of lumped element hybrid design to variable attenuator and mismatched loads (Board 2) 
 
Only the variable 
attenuator port 3 25 Ω  
  
both ports 25 Ω  
  
port 2 25 Ω  
attenuation 
(dB) 11 41 44 11 41 44 11 41 44 11 41 44 
0 -0.98 -13.9 -0.95 -5.12 -9.8 -3.52 -7.07 -6.88 -5.97 -4.17 -9.36 -4.57 
1 -1.88 -14.82 -1.78 -6.03 -10.45 -4.17 -8 -7.34 -6.72 -4.9 -10 -5.35 
2 -2.8 -15.57 -2.6 -6.9 -11 -4.8 -8.87 -7.7 -7.45 -5.64 -10.57 -6.1 
3 -3.69 -16.22 -3.42 -7.8 -11.47 -5.4 -9.72 -8 -8.13 -6.31 -11.07 -6.8 
4 -4.6 -16.7 -4.24 -8.7 -11.8 -5.97 -10.55 -8.27 -8.8 -6.95 -11.48 -7.65 
5 -5.4 -17.21 -5 -9.65 -12.3 -6.45 -11.31 -8.5 -9.4 -7.5 -11.9 -8.4 
6 -6.33 -17.55 -5.8 -10.5 -12.62 -6.9 -12.03 -8.66 -9.97 -8.04 -12.2 -9.16 
7 -7.12 -17.71 -6.52 -11.4 -12.76 -7.33 -12.62 -8.76 -10.46 -8.47 -12.36 -9.85 
8 -8 -17.78 -7.3 -12.36 -12.82 -7.74 -13.23 -8.82 -10.94 -8.91 -12.43 -10.6 
9 -8.78 -18.12 -7.98 -13.27 -13.13 -8.05 -13.8 -8.96 -11.5 -9.24 -12.75 -11.31 
10 -9.5 -18.03 -8.6 -14.13 -13.14 -8.34 -14.28 -8.9 -11.76 -9.57 -12.71 -12 
4 plus 6 dB 
att -9.4 -18.05 -8.44 -14.51 -12.9 -8.05 -14.46 -9.05 -11.96 -9.24 -12.69 -12.11 
11 -10.11 -18.25 -9.07 -15.37 -13.07 -8.3 -14.47 -9.06 -11.9 -9.54 -12.84 -12.78 
12 -10.82 -18.32 -9.67 -16.28 -13.18 -8.54 -14.89 -9.11 -12.3 -9.8 -12.92 -13.45 
13 -11.42 -18.29 -10.22 -17.1 -13.16 -8.78 -15.18 -9.12 -12.6 -9.9 -12.94 -14.04 
14 -12.05 -18.21 -10.81 -18.05 -13.11 -9.03 -15.47 -9.1 -12.9 -10.17 -12.9 -14.69 
15 -12.66 -18.38 -11.25 -18.9 -13.28 -9.12 -15.8 -9.16 -13.14 -10.35 -13.04 -15.27 
16 -13.17 -18.25 -11.68 -19.76 -13.23 -9.3 -16.01 -9.15 -13.36 -10.46 -13 -15.82 
4 plus 12 att 
(16) -12.9 -18.2 -11.5 -20.17 -13.21 -9.15 -15.78 -9.15 -13.25 -10.28 -12.97 -15.93 
17 -13.45 -18.3 -11.89 -20.9 -13.32 -9.27 -16.02 -9.16 -13.45 -10.44 -13.03 -16.47 
18 -13.93 -18.32 -12.26 -21.8 -13.36 -9.38 -16.23 -9.18 -13.6 -10.56 -13.05 -16.99 
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19 -14.27 -18.27 -12.62 -22.5 -13.3 -9.5 -16.36 -9.18 -13.81 -10.6 -13.03 -17.46 
20 -14.58 -18.18 -13.03 -23.45 -13.3 -9.69 -15.45 -9.16 -14.01 -10.7 -13 -17.9 
 
Table 42: Response of meander line design to variable attenuator and mismatched loads (Board 1) 
  
Only the variable 
attenuator port 3 25 Ω  
  
both ports 25 Ω  
  
port 2 25 Ω  
attenuation 
(dB) 11 41 44 11 41  44 11 41 44 11 41 44 
0 -0.41 -31.25 -0.411 -5.44 -8.87 -4.01 -7.7 -5.78 -7.4 -4.17 -8.8 -5.6 
1 -1.47 -31.66 -1.47 -6.43 -9.46 -4.95 -8.9 -6.23 -8.5 -5.13 -9.42 -6.2 
2 -2.54 -29.01 -2.53 -7.4 -9.9 -5.9 -10.16 -6.6 -9.6 -6.09 -9.92 -7.21 
3 -3.6 -26.6 -3.57 -8.35 -10.4 -6.82 -11.32 -6.88 -10.65 -7.03 -10.34 -8.16 
4 -4.67 -25.17 -4.64 -9.28 -10.76 -7.7 -12.54 -7.13 -11.72 -7.92 -10.71 -9.1 
5 -5.7 -24.7 -5.67 -10.19 -11.15 -8.51 -13.69 -7.37 -12.71 -8.76 -11.1 -10.01 
6 -6.77 -24.09 -6.74 -11.08 -11.44 -9.28 -14.88 -7.54 -13.73 -9.56 -11.38 -10.9 
7 -7.76 -23.08 -7.73 -11.9 -11.55 -9.97 -15.9 -7.6 -14.64 -10.25 -11.5 -11.7 
8 -8.89 -21.93 -8.83 -12.8 -11.59 -10.66 -17.06 -7.67 -15.6 -10.96 -11.53 -12.65 
9 -9.92 -22.5 -9.83 -13.54 -11.9 -11.22 -18.25 -7.8 -16.55 -11.55 -11.84 -13.37 
10 -10.94 -21.7 -10.86 -14.27 -11.9 -11.72 -19.31 -7.83 -17.4 -12.11 -11.82 -14.17 
4 plus 6 dB 
att -11.02 -21.78 -10.78 -14.98 -11.9 -11.25 -19 -7.8 -17.19 -11.6 -11.86 -14.7 
11 -12.05 -21.87 -11.8 -15.59 -12.08 -11.68 -20.05 -7.95 -18.04 -12.14 -12 -15.48 
12 -13.13 -21.81 -12.86 -16.18 -12.18 -12.08 -21.2 -7.97 -18.86 -12.59 -12.1 -16.17 
13 -14.12 -21.49 -13.86 -16.75 -12.17 -14.46 -22.07 -7.9 -19.6 -12.9 -12.11 -16.73 
14 -15.23 -21.04 -14.99 -17.38 -12.1 -12.85 -22.98 -7.97 -20.41 -13.21 -12.09 -17.28 
15 -16.32 -21.44 -15.95 -17.55 -12.28 -13.01 -23.96 -8.03 -21.06 -13.5 -12.21 -17.75 
16 -17.36 -21.14 -16.95 -17.95 -12.24 -13.26 -24.7 -8.02 -21.7 -13.7 -12.19 -18.11 
16 -17.36 -21.01 -16.78 -18.7 -12.25 -12.95 -24.1 -8.04 -21.4 -13.4 -12.22 -18.74 
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17 -18.41 -21.19 -17.75 -18.7 -12.35 13.1 -24.85 -8.07 -21.97 -13.63 -12.26 -19.08 
18 -19.51 -21.25 -18.75 -18.79 -12.4 -13.25 -25.49 -8.08 -22.5 -13.82 -12.3 -19.33 
19 -20.44 -21.02 -19.71 -19 -12.34 -13.46 -25.8 -8.07 -23.04 -13.93 -12.27 -19.43 
20 -21.42 -20.72 -20.83 -19.24 -12.25 -13.69 -26 -8.05 -23.6 -14.02 -12.23 -19.48 
 
Table 43: Response of meander line design to variable attenuator and mismatched loads (Board 2) 
  
Only the variable 
attenuator port 3 25 Ω  
  
both ports 25 Ω  
  
port 2 25 Ω  
attenuation 
(dB) 11 41 44 11 41 44 11 41 44 11 41 44 
0 0.42 -31.15 -0.418 -5.75 -9.2 -4.13 -7.9 -6 -7.6 -4.44 -9.1 -5.39 
1 -1.4 -31.9 -1.48 -6.8 -9.77 -5.03 -9.09 -6.44 -8.74 -5.34 -9.65 -6.38 
2 -2.56 -28.9 -2.54 -7.8 -10.26 -5.92 -10.22 -6.78 -9.84 -6.27 -10.12 -7.36 
3 -3.6 -26.5 -3.59 -8.82 -10.63 -6.78 -11.34 -7.05 -10.9 -7.14 -10.51 -8.3 
4 -4.7 -25.08 -4.66 -9.8 -11 -7.62 -12.48 -7.29 -11.9 -7.98 -10.87 -9.27 
5 -5.7 -24.62 -5.69 -10.83 -11.35 -8.38 -13.56 -7.51 -13 -8.77 -11.22 -10.18 
6 -6.8 -23.99 -6.75 -11.83 -11.62 -9.11 -14.63 -7.66 -14.03 -9.5 -11.5 -11.11 
7 -7.8 -23 -7.74 -12.72 -11.71 -9.76 -15.57 -7.75 -14.95 -10.12 -11.6 -11.96 
8 -8.95 -21.85 -8.86 -13.76 -11.74 -10.42 -16.58 -7.8 -15.9 -10.78 -11.67 -12.84 
9 -9.98 -22.45 -9.87 -14.62 -12.04 -10.92 -17.6 -7.9 -16.8 -11.26 -11.98 -13.6 
10 -11 -21.65 -10.9 -15.49 -12.03 -11.42 -18.46 -7.96 -17.74 -11.77 -11.94 -14.41 
4 plus 6 dB 
att -11.08 -21.59 -11.86 -16.25 -12.06 -10.98 -18.22 -8.01 -17.45 -11.34 -11.95 -15.03 
11 -12.12 -21.69 -12.91 -16.98 -12.2 -11.4 -19.1 -8.07 -18.3 -11.78 -12.06 -15.82 
12 -13.21 -21.65 -13.9 -17.74 -12.3 -11.78 -19.9 -8.11 -19.16 -12.17 -12.14 -16.55 
13 -14.202 -21.31 -15.05 -18.48 -12.27 -12.16 -20.58 -8.1 -19.91 -12.46 -12.15 -17.14 
14 -15.34 -20.88 -16.03 -19.28 -12.2 -12.54 -21.18 -8.11 -20.71 -12.73 -12.11 -17.71 
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15 -16.43 -21.28 -17.03 -19.56 -12.38 -12.7 -21.9 -8.16 -21.33 -12.99 -12.23 -18.2 
16 -17.5 -20.98 -17.8 -20.08 -12.33 -12.96 -22.34 -8.16 -21.95 -13.18 -12.2 -18.6 
16 -17.46 -20.9 -18.78 -20.7 -12.36 -12.71 -21.87 -8.17 -21.6 -12.87 -12.22 -19.22 
17 -18.5 -21.06 -19.7 -20.87 -12.44 -12.84 -22.4 -8.2 -22.14 -13.09 -12.26 -19.59 
18 -19.64 -21.1 -20.8 -20.96 -12.5 -13.01 -22.82 -8.21 -22.65 -13.26 -12.29 -19.84 
19 -20.6 -20.9   -21.26 -12.43 -13.22 -23.01 -8.2 -23.15 -13.36 -12.27 -19.94 
20 -21.59 -20.59   -21.56 -12.34 -13.46 -23.15 -8.19 -23.68 -13.44 -12.22 -19.96 
 
The below summary tables were used to help determine which design performed better with 20 dB of attenuation. 
Table 44: Summary of results at 20 dB (part 1) 
 
Original 
branchline 
hybrid Lumped element, board 1 Lumped element, board 2 
  11 11 41 44 11 41 44 
Only variable 
attenuator -19.43 -15.82 -15.88 -14.43 -14.58 -18.18 -13.03 
port 3 25 Ω -12.21 -14.96 -16.92 -14.24 -30.4 -12.18 -9.74 
both ports 25 Ω -18.08 -23.13 -13.45 -9.66 -15.5 -8.55 -14.07 
port 2 25 Ω -31.7 -25.7 -12.74 -9.9 -10.7 -11.73 -24.95 
   if < -20 if < -20 if > -10 dB if < -20 if < -20 if > -10 dB if < -20 
total 1 1 0 0 1 1 1 
Total for all 
categories 1 
  
1 
  
3 
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Table 45: Summary of results at 20 dB (part 2) 
 Meander, board 1 Meander, board 2 λ/8 
 11 41 44 11 41 44 11 41 44 
Only variable 
attenuator -21.59 -20.59 -20.8 -21.42 -20.72 -20.83 -26.87 -18.4 -25.91 
port 3 25 Ω -21.56 -12.34 -13.46 -19.24 -12.25 -13.69 -17.38 -11.73 -15.94 
both ports 25 Ω -23.15 -8.19 -23.68 -26 -8.05 -23.6 -44.5 -7.98 -34.4 
port 2 25 Ω -13.44 -12.22 -19.96 -14.02 -12.23 -19.48 -16.55 -11.73 -18.35 
  if < -20 dB if > -10 dB if < -20 dB if < -20 dB if > -10 dB if < -20 dB if < -20 dB if > -10 dB if < -20 dB 
total 2 1 2 1 1 2 1 1 1 
Total for all 
categories 
  
5 
  
4 
  
3 
 
The following figures (Figure 100 - Figure 110) are the same information provided in section 5.4.2, but grouped based on the s-
parameter instead of the by the hybrid design. 
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Figure 99: S11 comparison of hybrid designs 
 
 
Figure 100: S11 response of hybrid designs with 25 Ω at port 2 
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Figure 101: S11 response of hybrid designs with 25 Ω at port 3 
 
 
Figure 102: S11 response of hybrid designs with 25 Ω at both ports 
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Figure 103: S41 comparison of hybrid designs 
 
 
Figure 104: S41 response of hybrid designs with 25 Ω at port 2 
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Figure 105: S41 response of hybrid designs with 25 Ω at port 3 
 
 
Figure 106: S41 response of hybrid designs with 25 Ω at both ports 
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Figure 107: S44 comparison of hybrid designs 
 
 
Figure 108: S44 comparison of hybrid designs with 25 Ω at port 2 
 
 
-30
-25
-20
-15
-10
-5
0
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
R
es
p
o
n
se
 (
d
B
)
Attenuation (dB)
S44 with attenuation
λ/8
lumped, board 1
lumped, board 2
meander, board 1
meander, board 2
-27
-22
-17
-12
-7
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
O
u
tp
u
t 
p
o
w
er
 le
ve
l (
d
B
m
)
attenuation (dB)
S44 with attenuation, port 2 25 Ω
λ/8 design
lumped element, board 1
lumped element, board 2
meander, board 1
meander, board 2
138 
 
Figure 109: S44 comparison of hybrid designs with 25 Ω at port 3 
 
 
Figure 110: S44 comparison of hybrid designs with 25 Ω at both ports 
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APPENDIX C: Quadrature Hybrid Design Response to Phantom 
Loaders 
 
The hybrids were attached to the body coil to observe their ability to handle a 
variable load and the coupling between the body coil ports. For a visual summary of the 
body coil with the various phantom loaders, as well as empty, please refer to Figure 51. 
 
Table 46: Body coil response to various phantom loaders (dB) 
Body coil empty short long head 
S11 -7.08 -8.89 -13.82 -8.55 
S12 -9.6 -9.46 -8.48 -7.59 
S21 -9.6 -9.45 -8.48 -7.59 
S22 -3.8 -4.74 -5.12 -4.17 
 
For a visual summary of the hybrids’ responses to the body coil and phantom 
loaders, please refer to Figure 75-Figure 78.  
 
Table 47: Original branchline hybrid response to various phantom loaders (dB) 
Original branchline hybrid empty short long head 
S11 -2.1 -2.09 -2.23 -2.1 
 
Table 48: λ/8 design response to various phantom loaders (dB) 
λ/8 empty short long head 
S11 -2.369 -2.756 -3.153 -2.442 
S14 -16.162 -20.71 -18.63 -16.22 
S44 -4.2114 -5.193 -5.632 -4.445 
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Table 49: Lumped element design, board 1, response to various phantom loaders (dB) 
Lumped element, board 1 empty short long head 
S11 -5.08 -5.65 -6.44 -5.17 
S14 -11.07 -12.64 -12.37 -11.39 
S41 -11.09 -12.36 -12.37 -11.38 
S44 -3.9 -4.38 -4.96 -3.95 
 
Table 50: Lumped element design, board 2, response to various phantom loaders (dB) 
Lumped element, board 2 empty short long head 
S11 -5.95 -6.41 -7.28 -5.92 
S14 -11.11 -12.46 -12.58 -11.74 
S41 -11.09 -12.46 -12.58 -11.74 
S44 -3.99 -4.38 -4.94 -3.91 
 
Table 51: Meander line hybrid, board 1, response to various phantom loaders (dB) 
Meander line, board 1 empty short long head 
S11 -6.8 -6.92 -8.77 -7.7 
S14 -9.98 -10.3 -13.13 -11.8 
S44 -5.23 -5.29 -6.5 -5.7 
 
Table 52: Meander line hybrid, board 2, response to various phantom loaders (dB) 
Meander line, board 2 empty short long head 
S11 -6.9 -7.26 -8.6 -8.2 
S14 -9.8 -10.09 -13.3 -11.52 
S44 -5.22 -5.62 -6.45 -6.25 
 
 
 
 
